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IMPACT DEFORMATION OF RUBBER* 


G.M. Bartenev and N. M. Novikova 


Many rubber articles are subjected to impact stresses. It is therefore of practical importance to establish 
the laws and to determine the constants of impact deformation, both in relation to design calculations and for 
evaluation of the elastic properties of rubber articles. 


The impact deformation of rubber has been studied little. In studies of impact deformation [1-4] the 
authors confined themselves to measurements of deformation produced by impact. Kuvshinskii and Sidorovich 
[5] developed a method for determination of the elastic properties of rubber under impact compression and gave 
the theory of a method whereby two independent constants for rubber can be calculated from experimental data: 
dynamic modulus of elasticity and the mechanical loss angle. The theory of the method was amplified and 
verified [5] by careful studies of impact deformation by means of a pendulum elastometer in which the com- 
pressive deformation of a cylindrical rubber specimen and the time of impact could be measured. Close agree- 
ment between the experimental and calculated data led to the conclusion that even the simplest Maxwell and 
Kelvin schemes give satisfactory results in calculations of impact duration. 


Below are presented the results of studies of impact deformation and details of the method used for deter- 
mination of the constants, with the use of a modified pendulum tester of the Schob type. It was possible to ob- 
tain impact deformation in the pure form in this apparatus. 


The instrument, the principle of which is illustrated in Fig. 1, could be used for measuring the maximum 
compressive deformation and the angle of impact and rebound of the pendulum, The maximum deformation of 
the rubber specimen was shown on the dial of the indicator 1 with the aid of a special device* * consisting of 
the insert 2, containing a small metal rod 4 supported freely on a weak spring 3. The insert is fixed rigidly to 
the pendulum. The instrument stand, dial, telephone receiver (not shown in Fig. 1), and insert are connected in 
an electric circuit. Impact deformation is determined as follows. With the pendulum 5 in a free vertical posi- 
tion the cylindrical rubber specimen 6 is moved to the right by means of the support 7 until it comes into con- 
tact with the pendulum hammer 8. The pendulum hammer is flat, with a larger area than the end of the 
specimen. The base of the indicator dial is then moved to the right until it comes into contact with the insert 
rod. The instant of contact is indicated by sound in the telephone receiver. This establishes the zero point on 


the indicator dial. 


On impact, the pendulum hammer deforms the rubber specimen. Simultaneously the spring 3 is compressed, 
cushioning the impact on the indicator head, The indicator base is progressively moved, with consecutive impacts 
of the hammer until a position is reached when there is no contact with the indicator, as shown by absence of 
sound in the telephone receiver. The displacement of the indicator to the left and the distance oftherod 4 and 
hammer 8 from the axis of rotation can be used to find the displacement of the hammer, and hence the impact 
deformation of the rubber specimen (as the ratio of the displacement to the original length of the specimen). 


For low-temperature measurements the specimen was enclosed in a chamber, shown schematically in Fig. 
2. The chamber consisted of an outer compartment 1 and an inner compartment 2, an intermediate hammer 3, 
and lid 4. Cooling liquid was circulated through the compartment 1. The test specimen 5 was fixed in the 
compartment 2. The chamber lid, made from textolite also acted as the directing sleeve for the hammer. The 


*£. L. Chernyakova took part in the determinations. 
* * Described in another paper [1]. 
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Fig. 1. Diagram of pendulum tester. 
Fig. 2. Diagram of chamber for measurement of impact deformation 


at low temperatures. 

inner surface was made of bronze. The hammer was 
made from Plexiglas® . The chamber was fixed to 
the vertical support 7 of the instrument (Fig. 1). The 
specimen was cemented to the back wall of the cham- 
ber made from textolite. The temperature of the spe- 
cimen was measured by means of a thermocouple. 


Investigations of the effect of the number of 
impacts on impact deformation showed that deformation 
becomes stabilized and independent of the number of 
impacts after 5-6 impacts for unfilled and after 30-50 


0 m1) 100 150 200 250 
Number of impacts impacts for filled rubbers. Similar results were obtain- 
Fig. 3. Effect of the number of impacts on ed at low temperatures (Fig. 3). The frequency used was 
STV! Astonia tiod Gf tochhloal GKS230 ~ 30 impacts per minute. At this impact frequency the 
tohbeu- vulcanicates at differemctenipera- rubber specimen recovers almost completely. The test 
results (magnitude of deformation) are not affected if the 


tures (in °C), 


specimen is left to rest for five minutes after each im- 
pact. In the subsequent experiments the deformation 


measurements were commenced after 5 impacts for unfilled and after 50 impacts for filled rubbers, average values 
for the next three impacts being taken, It follows from Fig. 3 that the subsequent impacts do not produce any 
appreciable temperature changes in the specimen. 
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Fig. 4, Relationship between specific kinetic energy and the square of 
relative deformation: 

a) for unfilled rubbers based on: 1) SKN-40; 2) SKN-26; 3) SKS-30; 
b) for: 1) highly filler technical rubber based on SKN-40; 2) technical 
rubber based on SKS-30; t = 20°; v = 1.24 m/second. 
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* The deformation of the hammer was ~ 0.5% at the maximum impact energy. 
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In distinction from static deformation (€ = const) 


E 108 ergs or extension at a constant rate (€ = const), which are 
el cm? characterized by stresses measured experimentally, im- 


pact deformation is determined by experimentally 
measured impact energy. Impact deformation can be 
regarded as a quasi- equilibrium process under the condi- 
tion that the compression rate of the rubber under im- 
pact is much lower than the propagation rate of the 
elastic impulse (v << u). In our experiments the propa- 
gation rate of the elastic impulse was much greater than 
the impact velocity*. This means that the compressive 
deformation of the specimen on impact was virtually 
simultaneous along the entire length of the specimen. 
Therefore the equations for static deformation may be 
applied to impact deformation. 
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Fig. 5, Relationship between specific elas- 

tic energy and the square of relative defor- 

mation for unfilled rubbers: 

1) based on SKN~40; v = 0.5 m/ second; 

2) SKN-26; v= 0.5 m/second; 3) SKS-30; 

v = 0.5 m/second; 4) SKS-30; v = 0.2 m/ Deformation under impact depends both on the 

second. energy of the impact and on its initial velocity — the 
linear velocity of the hammer at the instant of contact 
with the rubber specimen. The initial impact velocity 
can be found from the formula. 


v = V 2mghr?/1, (1) 


where m is the pendulum mass, g is the acceleration due to gravity, h is the displacement of the center of gravity 
of the pendulum in the vertical direction, r is the distance from the axis of rotation to the center of the pendulum 
hammer, and I is the moment of inertia of the pendulum. The displacement h of the center of gravity may be 
expressed in terms of the cosine of the angle ¢ (Fig. 1), the deviation of the pendulum from the equilibrium po- 
sition 


h =a(t — cos q), (2) 


where a is the distance from the axis of rotation to the center of gravity of the pendulum. 


Two test regimes are possible: 1) at constant initial impact velocity and different kinetic energies, and 
2) at constant impact energy and different initial velocities. Constant initial impact velocities were used in this 
investigation, 


For tests at constant impact velocity it must be possible to vary appropriately both the moment of inertia 
of the system and the height of fall of the pendulum while the impact velocity remains constant. The moment 
of inertia of the pendulum was varied by means of additional loads of known mass and moment of inertia. The 
loads were of cylindrical shape and could be screwed onto the lower end of the pendulum; the axis of such a 
load was a continuation of the pendulum length. For such loads the moment of inertia relative to the pendulym 
axis is calculated from the formula 


3R?+ H? 
= mF —)+ m4); (3) 


where m, is the mass of the load, R is the radius of the cylinder base, H is the height of the cylinder and a, is 
the distance between the pendulum axis and the axis passing through the center of gravity of the cylinder. The 
moment of inertia of the pendulum without additional load was determined by measurements of the free oscilla- 


tions of the pendulum without load, and of the pendulum with known load. The moment of inertia of the pen- 


dulum was found to be Iy= 1,88-10° g-cm?, 


*In our investigations the highest initial impact velocity did not exceed 2 m/second, and the modulus E of the 
rubber did not exceed 100 kg/cm’, As is known, the propagation rate of an elastic impulse is u = ¥E/p which at 
E= 10° dynes -cm~ and p=1g -cm~? gives u ~ 33 m -sec-!, This result is in agreement with experimental data 


for rubbers [6]. 
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Fig. 6. Relationship between specific elastic energy and the square of relative deformation 


at low temperatures: 

a) technical rubber based on SKS-30 (No.73); t= — 50°; v=1.24 m/second; 2) technical 
rubber based on SKS-30 (No.68); t = — 40°; v=1.24 m/second; 3) the same, t= — 20°, v= 
0.7 m/second; 4) unfilled rubber from SKS-30; t = — 40°; v= 0.9 m/second. 


Fig. 7. Effect of temperature on impact modulus for technical rubbers based on: 
1) SKN-40; 2) SKN-40 (50%) and SKN-18 (50%); 3) SKS-30 (No.42); 4) SKS-30 (No.63); 
5) SKS-30 (No.68); v = 0.5 m/second. 


The total kinetic energy of the pendulum at the instant of impact (E) is found from the formula: 
E = mga(1 — cos 4). (4) 


The kinetic energy after impact is: 
E" = mga (1 —cos¢’), (5) 
&§ ? 
where g'is the rebound angle of the pendulum after impact. 


During compression of a specimen part of the kinetic energy, Egy, is used to do work against elasticity 
forces, while the rest, Ef,, does work against frictional forces. 


The total energy at the instant of transition from compression to recovery is 
E= Eu + Ef, (6) 


Assuming that mechanical losses in compression and recovery of the specimen are approximately equal, 
and taking Equations (4) and (5) into account, we have 


4 : 4 ’ 
Ef, => (E—E’) = + mga [(i — cos 9) — (1 — cos ¢’)], (1) 


Ee] = E—Ep,, = mga [1 ae eee eed (8) 


2 


It is more convenient to refer the impact energy to unit volume, since the elastic energy and frictional losses 
are proportional to the volume. 


The respective specific energies are 


mga 

E = +-(1—cos 9), (9) 
eke ei __ 608 p + cos 9’ | (10) 
el V 2 ; 


where V is the volume of the specimen. 


In conditions of constant initial impact velocity 
the total impact energy is proportional to the square of 
relative deformation of the rubber (Fig. 4,a and 4, b; 
iin these and the subsequent graphs the energy is taken 
along the ordinate axis in units of 10° ergs/cm*). The 
limit of this proportionality lies at 30-40% compression 
. = ms * ‘ or over, in accordance with the degree of filling*. 
Initial impact velocity, m/sec This behavior was characteristic of all the rubbers 
studied, and it makes it possible to determine an im- 
pact constant for a given material. We term this 
constant the impact modulus. It follows from the above 
relationship that 


Fig. 8. Effect of the initial defor- 
mation rate on the impact modulus: 
1) unfilled rubber made from SKS- 
30; 2) technical rubber from SKS- 
30 (No.68); 3) technical rubber E. = Ms?, (11) 


f KS-30 6 
tom SKS-30 (No.61). where M is the impact modulus of the rubber; E is the 


kinetic energy per unit volume of the rubber specimen. 
Equation (11) was subsequently confirmed for filled and unfilled vulcanizates based on natural, butadiene — styrene, 
and nitrile rubbers in the impact velocity range of 0.2-2 m/second. Since the deformation rate changes from its 
maximum value tozero during compression, the impact modulus calculated as above must be considered as the 
value for the average deformation rate. 


Fig. 5 shows the relationship between the elastic energy, calculated from Formula (8), and the square of 
the deformation. It is clear from fig. 5 that this is also a linear relationship. It follows from the results that the 
following expression should hold for impact deformation; 


Ef, == Ke’, 


where K is a constant equal to one half of the friction modulus of rubber as defined by Reznikovskii [4]. This 
relationship was established earlier [4, 6-8] from the results of experiments on repeated deformation with free 
contraction. 


Equation (11) remains valid at low temperatures (Fig. 6), so that it is possible to determine the impact 
modulus at such temperatures. Studies of the effects of low temperatures on the impact modulus are of great 
practical interest in relation to the problem of the experimental technique for determinations of the frost resist- 
ance of rubbers under impact deformation. Typical curves obtained in such cases are plotted in Fig. 7. 


The effect of the initial deformation rate on the impact modulus of rubber at 20° is shown in Fig. 8, It is 
difficult to draw definite conclusions from our data concerning the influence of the rate on the impact modulus, 
as this relationship differs for different rubbers. 


SUMMARY 


1. It was shown that in impact deformation the total impact energy is proportional to the square of the 
compressive deformation of rubber; it is hence possible to determine a constant (the impact modulus) for a ma- 


terial under impact. 


2. This law of impact deformation holds at low temperatures, 
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* Above the proportionality limit there are deviations from this relationship, increasing with the compressive 


deformation. 
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INVESTIGATION OF THE HYDRATION PROCESSES OF CALCIUM MONOALUMINATE 


P. P. Budnikov and I--V. Kravchenko 


In the modern view [1, 2], hardened hydrated aluminous cement is "microconcrete", consisting of remains 
of unhydrated grains of high-alumina slags, crystals of calcium hydroaluminates, and aluminum hydroxide with 
different water contents. . 


It is regarded as established [3, 4] that in accordance with the temperature conditions, the final hydration 
products of an aluminous cement may be; at temperatures below + 25° hexagonal calcium hydroaluminates, 
mainly 2CaO - Al,O, - 8H,O, and at temperatures above + 25°, tricalcium aluminate hexahydrate 3CaO -A1,O, - 6H,O, 
crystallizing in the cubic system. 


Numerous investigations [5, 6, 7] have proved that at normal and elevated temperatures the only stable 
calcium hydroal|uminate in the CaO — Al,O, — HO system is CaO - Al,O, - 6H,O, while all the other calcium 
hydroatuminates are metastable and gradually pass into this compound, liberating colloidal aluminium hydroxide. 
This result, found by investigations of the CaO — Al,O, — H,O system at concentrations of the reacting substances 
which are low in comparison to those found in hardening concrete, was extended by the workers cited to concretes 
and mortars based on aluminous cements under practical service conditions. This leads to the logical conclusion 
that aluminous cement is not durable and that more or less durable constructions cannot be made with such 
cement. Support for this conclusion was provided by the appearance of published information, mainly by French 
workers on the strength loss of constructions built with the use of aluminous cement. Because of such incidents 
the use of this cement in France has been restricted. 


French workers [8, 9] consider that breakdown of this type is caused by conversion of calcium hydroalumi- 
nates crystallizing inthe hexagonal system into 3CaO - Al,O, - 6H,O, crystallizing in the cubic system. 


The experimental data presented below show that this view is not quite correct and that the strength of 
hardened cement is influenced not so much by the recrystallization process itself as by the rate at which this 
process occurs, 


In the USSR, where aluminous cement has been made on the industrial scale for over 20 years, we have no 
indications of any lack of durability in such cement; on the contrary, investigation of the concrete in an indus- 
trial building which had stood for 19 years showed that this cement had high strength and a stable structure. It 
must be pointed out, however, that the climate is much more severe in most of the industrial regions of the USSR 
than in France and other European countries, and aluminous cement is used less often in conditions of elevated 
temperatures and humidities. In view of the fact that constructions made with aluminous cement may exist 
under the most diverse temperature and humidity conditions in the extensive territories of our country, we under- 
took a deeper study of the processes taking place in hardened aluminous cements during long periods after their 
placement in constructions, in order to determine and prevent any possible causes of adverse effects on the dura- 
bility of concrete made from aluminous cement. 


The present paper contains the results of the first stage of this study performed with synthetic calcium 
monoaluminate — the mineral which determines the most important constructional characteristics of aluminous 
cement. Calcium monoaluminate was made by fusion, in a Kryptol furnace, of a calculated mixture of pure 
Al,O, and pure CaCO,, previously heated at 1100° to remove COz+ The melt was cooled slowly and then ground 
in a porcelain mill to pass completely through a No, 0085 sieve. Chemical and petrographic analysis showed 
that the mineral was pure, and that its optical constants were those of calcium monoaluminate. 


TABLE 1 
Variation of the Liquid Phase Composition Over Hydrating CaO - Al,O; 


§;:L=1:100 


concentration 


; mg /liter mue mg /liter 
E B us a ie g/ pH of 
2min | 716] 1236 1,06 | 235 332 1,09 8,5 
San 862 4460 1,08 392 580 4 8,8 
40 " 772, 4276 1,10 403 716 1,03 9,4 
20" 918 | 1616 1:08 | 515 | 880 1°09 9°9 
SOS 929 1664 1,02 515 812, 1,16 9.9 
4 hr 1008 1812 4,02 627 1068 4,07 10,0 
Bet 1086 1884 4,05 683 1076 4,16 10,0 
6 * 1019 1868 1,00 795 41340 4,08 10,1 
4 Wes a) 358 856 0,76 862 1472 1,07 10,4 
16 * 358 708 iy Gye 896 41604 £02 10,2 
18 369 728 0,92 952 1604 4,08 10,2 
24 8 358 506 {AT 952 1456 Ales AY) 10,3 
Zz days 179 172 1,80 952 1692 1,03 10,3 
3 0 123 | 184 122 | 302 | 292 188 10.2 
has 155 212 CB. 280 276 1,85 10,2 
Ae 0 Bul 176 9,09 392 196 3,64 ALES 
28 « 412 60 3,40 380 180 3,85 To 
90 22| 68 0'59 | 257 | 432 3/53 11.3 


It is known that the rate of the hydration reaction and its final products depend to a considerable extent on 
the composition and pH of the reaction medium, Our investigation therefore commenced with a study of the 
composition of the liquid phase over the hydrating mineral by the usual method in which a weighed sample of the 
mineral was shaken with water for a definite time, and a sample of the suspension was then taken from the vessel. 
Half the sample was filtered, the residue was washed with alcohol, and CaO and Al,O, were determined in the 
filtrate while the other half of the sample was used for pH determination. 


L:S =05 
otalweight loss  - 38% 
tos? - 97% 
175° ~ 275° — 10.6 % 
278° - 35° - b5% 
J65°- 780° ~ 6.0% 
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278° 12° - 86% 
2° -770°~ 26% 
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Fig. 1. Thermograms of hydrated CaO - Al,O3,L:S = 100 and L:S 0.5, 


At the same time specimens were prepared for microscopic investigations; these were systematically 
examined and when necessary opened for determination of refractive indices of any new substances formed. 


For determination of the significance of the solid — liquid ratio in the hydration process the composition 
of the liquid phase over hydrating calcium monoaluminate was studied at two ratios of the solid (S) to liquid (L) 
phase —S:L = 1:10, andS:L = 1:100. The results of the determinations are given in Table 1. 


Table 1 shows that the pH of the medium rapidly rises from 8.5 to 10.3-11.5 during hydration of calcium 
monoaluminate. The reaction is more rapid and the solution supersaturation increases with decrease of the L:S 
ratio and increase of the temperature of the surrounding medium. The CaO and Al,O, concentrations reached in 
5 minutes from the start of hydration at L:S = 10 are reached in 14 hours in a suspension with L:S = 100, Rapid 


TABLE 2 


Strength Variations (in kg/cm?) of Hydrated CaO - Al,O,, Hardened 
Under Various Temperature and Moisture Conditions 


precipitation of new products, marked by a rapid decrease in the CaO and A1,O, contents, begins after 14 hours 
atL:S = 10, and only after 3 days atL:S = 100. The CaO and Al,O, concentrations in the liquid phase at L; S= 
10 reach their maximum values, 1.086 g CaO and 1.884 g Al,O, per liter, after 2 hours, whereas in a suspension 
with L;S = 100 the corresponding values are 0.952 and 1.692 g/liter and are reached after 2 days. The molar 
ratio of CaO to Al,O, in both cases is close to unity for 7 days, but then rises sharply to 3 or even 4, indicating 
the possible formation of more highly basic calcium hydroaluminates. In suspensions with L:S = 10 the deposi- 
tion of new products is almost complete after 3 months, and the CaO and Al,O, concentrations in the solution 
become equal to the limiting concentrations of the reaction products (dicalcium hydroaluminate), whereas this 
process is far from comple te after three months in suspensions with L:S = 100. Moreover, the persistence of high 
CaO and A1,0, concentrations in the liquid phase for a long time may favor the formation of more highly basic 
calcium hydroaluminates and in particular of 3CaO -Al,O, - 6H,O, as the reaction products. 


Microscopic investigation of the precipitate formed by hydration of calcium monoaluminate for 4 months 
at L:S = 100 showed that is consisted mainly of 3CaO - Al,O, ‘6H,O with a small admixture of hexagonal calcium 
hydroaluminates, The thermogram of this sample (Fig. 1) shows a clear endothermic effect at 312°, characteristic 
of 3CaO *Al,0,- 6H,O, and a considerably smaller effect at 278° characteristic of hexagonal calcium hydroalumi- 
nates, whereas the thermogram of calcium monoaluminate hydrated at L:S = 0.5 has pronounced effects at 175 and 
275°, while the effect due to 3CaO - Al,O, : 6H2O is weak. 


These experiments show that the course of the hydration process is closely associated with variations of the 
solution pH. The L:S ratio of the suspensions is also very significant in relation to hydration processes and there - 
fore the aim in investigations must be to use samples hydrated under conditions as close as possible to those found 


in practice. 


However, it is obvious that decrease of the L:S ratio introduces difficulties into the use of chemical analy- 
sis for investigation of the composition of the liquid phase over hydrating cement and therefore for comparison 
of the hydration of calcium aluminates of different degrees of basicity we used suspensions with low solid con- 
centrations, and corrected the results with the aid of other analytical methods whereby these processes could be 
observed in cement pastes of normal consistency. Such methods are complex thermal and x-ray structural analy- 
sis. Samples of plastic consistency of 1:3 composition, and heat cement samples, were prepared for studies of 
hydration processes by these methods. The L;S ratio was 0.5 in both cases. The samples were kept under definite 
temperature and humidity conditions and tested at fixed intervals. The compressive strengths were determined, 
and the samples were subjected to complex thermal and x-ray structural analysis. 


The samples were hardened under the following conditions: 1) in water at 15-18°; 2)in air at 15-18°; 3) 
in water at 45°; 4)in air at 45°. 
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Fig. 2. Thermograms of CaO -Al,O, hardened: 
a) in air at 15-18°; b) in water at 15-18", c) in air at 45°; 
d) in water at 45° 


The thermograms are reproduced in Figs. 2 and 3, and the results of the compressive strength tests are 
given in Table 2. 


Thermograms of hydrated calcium monaluminate show that samples hardened in water and in air at 15-18", 
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Fig. 3. Thermograms of CaO - Al,O, hydrated for 6 months; 
a) in water at 15-18°; b)in air at 15-18°; c) in water at 45°; d) in air at 45°, 


and in air at 45°, give two principal endothermic effects: the first, less regular at 150-200° and the second, 
recorded in narrower limits, at 275-295°. These two effects are characteristic of hexagonal calcium hydroalumi- 
nates, which yield water of crystallization in two stages at these temperatures. 


When the mineral is hardened in water at 15-18", on the 28th day from the start of hardening the thermo- 
grams begin to show a third weak endothermic effect at 325-330°, indicating the appearance of newly formed 
3CaO -Al,0,-6H,O. Sharp endothermic effects due to hexagonal calcium hydroaluminates appear 12 hours after 
the start of hydration on the thermograms of the mineral hardened at 15-18°; this corresponds to a sharp strength 
increase of the hardened cement (see Table 2). The appearance of small amounts of 3CaO-Al1,O,- 6H,O in the 
hardened cement is not accompanied by a strength decrease. 


When the mineral is hardened in water at 45°, hexagonal calcium hydroaluminates are first formed, with 
their characteristic effects at 175° and 275-285", but these effects disappear by the 14th day of hardening, and 
from the 3rd day the curve shows endothermic effects at 300-325", characteristic of 3CaO - Al,O3 « 6H,O. 


Increase of the temperature of the surrounding medium to 45° almost doubles the rate of the hydration 
reaction; thus, endothermic effects for hexagonal calcium hydroaluminates appear after 6 hours of hardening 
at this temperature while at 15-18° they appear 12 hours after the start of hydration. 


The URS-501 ionization unit was used for the x-ray investigations of hardened cement, The diagrams 
were taken with a copper anode and a filter whereby the photographs could be taken in monochromatic C and 
k,, tadiation. Analysis of the x-ray patterns of a sarnple of calcium monaluminate hardened for 3 days in water 
at room temperature showed that it contained considerable amounts of residual unhydrated calcium monoalumi- 
nate, as its crystal lattice is revealed quite clearly (see Table 3). Of new compounds, 2CaO - Al,O, - 8H,O is quite 
distinct (interference lines at 2,87, 2.53, 2.47, 1.835 and 1.667), and there are very intense lines for gibbsite, 
the crystallization of which was apparently only beginning. 


The x-ray pattern of a monocalcium aluminate sample hardened in water at 15-18° for 5 months shows 
that the hydration of the mineral was complete at the end of this time. Most of the new materials consist of 
3CaO - Al,O, - 6H,O and gibbsite. Small amounts of hexagonal calcium hydroa!uminates are present. 


In x-ray investigations of the precipitate formed when 4 g of calcium monoaluminate was shaken with 
400 ml of water for 4 months it was found that crystallization of new minerals was more extensive and the con~- 
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TABLE 3 
x-Ray Data for CaO -Al,O, Hydrated Under Various Conditions 


CaO-Al,0;, hardened in water at 


15—18° 45° 
3 days 5 months 4 months 3 days 3 months 
Ty. Tx Ix I, Tx 
ee aes d € 
. Tmax : Imax Imax : Imax s Tmax 
4,77 10 eal 30 7,92 10 10,64 6 8,73 10 
3,23 14 By 35 9,16 48 6,25 4 7,63 6 
2,99 400 4,91 43 4,94 14 9,04 4 6,65 10 
2,88 30 4,46 30 4,46 30 4,88 6 9,16 38 
2,00 51 4,05 30 3,38 39 Eee 10 4,88 62 
PEN 43 3,36 o4 316 27 3,36 8 4,46 28 
D ht (a, 40's le, 08-1) 400.128 fe). 70 3/49 62 |) 3.38 62 
Doe 42 2,81 50 2,98 14 2,96 10 aS | 46 
Pape AS) 14 2,48 20 Pate | 44 yor, 400 3,16 30 
203 14 2,30 63 2.30 95 2,40 40 Zoe 62 
4,927 31 2,04 54 2,04 400 2,96 40 2,07 44 
4,843 42 1,740 24 1,814 12 2,04 14 2,47 40 
AG ae 5 4,710 24 1,741 44 4,922 oo 2,90 400 
4,657 14 1,684 O41 1,710 20 1,834 33 2,04 400 
4,527 25 1,306 100 4,677 58 4,745 8 4,985 10 
4,459 22 4,593 15 1,681 14 1947 42 
1 ray 18 1,653 18 1,849 16 
1,404 49 4,528 PH 1,814 16 
1°457| 20 | 4.745 36 
1'406| 14 | 4,740 26 
4,777 64 
4,593 44 
4,572 14 
4,457 44 
1,404 44 
4,198 16 


*AtL:S = 100; d= interplanar spacings in A; I, is the observed radiation intensity; 


version of hexagonal calcium hydroaluminates into 3CaO - Al,O,-6H,O was more complete than in the hardening 
of monoaluminate in the form of a cement paste at L:S = 0.5. 


It is seen that the results of x-ray, thermographic, and petrographic analysis confirm conclusively that 
recrystallization processes occur in samples of hydrated CaO -Al,0, hardened at room temperature, 


The x-ray patterns of calcium monoaluminate hardened in air at room temperature for 3 days and for 3 
months showed that CaO -Al,O3 is not hydrated completely under these conditions. Remains of the unhydrated 
mineral were detected in both samples. The conversion of hexagonal calcium hydroaluminates into the cubic 
form is simultaneously retarded, and the crystallization of gibbsite, which is probably present as a dehydrated gel, 
is worsened considerably. Of the hexagonal calcium hydroaluminates, the crystal lattice of 4¢aO -Al,O, -14H,O 
is the most pronounced. 


The x-ray patterns of samples hardened in water at 45° showed that hydration is accelerated under these 
conditions, the conversion of hexagonal calcium hydroaluminates into the cubic form fs also accelerated, and 
the crystallization of gibbsite is improved. Most of the new formations in a three-month sample consist of 
3CaO -A1,03 + 6H2O and gibbsite. Hexagonal calcium hydroaluminates are present in small amounts and in the 
form of highly basic hydroaluminates — 3CaO - Al,O, : 8H,O and 4CaO + A1,0,:14H,0. Despite this, as Table 2 
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CaO-Al.0,, hardened in air at 


ee a ee EN eae ER NNO Nae aae eg 14M Wo Sas age A ey A Re 


15—-18° 45° 

3 days 38 months 3 days 3 months 

d fe d te d Ie d Ix 
Tmax Imax Tmax Imax 
7,30 10 7,63 7 8,46 6 7,82 6 
5,63 10 4,62 8 5 O07 40 7,94 6 
4,73 42 4,37 8 4,73 40 ie | 8. 
4,46 10 3,76 6 4,11 40 6,13 6 
4,08 8 roo 46 3,69 15 5,63 44 
Sale 10 3,19 8 3,29 8 5,48 13 
3,46 10 2,97 400 3,15 10 4,95 8 
3,24 10 2,85 a 2,97 100 4,59 6: 
2,98 100 207 3 2,86 25 4,56 8 
2,86 12 Diag) 34 2,03 62 3,95 6: 
ano 68 2,40 32 2,41 46 3,79 5 
2,41 38 2,19 13 2,34 42 Be 8 
2.35 12 2.48 10 2,18 50 Dod 5 
2,20 18 2,02 12 2,09 6 3,36 8 
2,14 42 4,917 34 m0 16 3,19 8. 
2,03 13 4,829 8 46 922 38 2,98 100 
4,928 35 1,649 17 1,749 6 2,86 20 
4,834 10 4,528 24 4,685 6 2,10 6 
4,657 Ve 1,453 19 4,657 15 2,53 38 
1,582 44 4,370 10 4,579 Dan 36 
4,526 29 4,253 10 4,528 27 2,34 8 
4,457 26 1,196 8 4,457 28 2,19 16 
1,409 6 4,451 15 2,14 14 
4,437 8 2,03 TS: 
1,405 6 - 4,922 20 
1 , 362 4 4,830 13 
4,745 8 
1,653 16 
1,579 8 

4,528 241 
1,457 20: 


Imax = maximum radiation intensity in the given x-ray pattern. 


shows, the strength of the samples increases and at the end of one year it exceeds the strength of all the samples 
hardened under other conditions. 


Hydration and recrystallization processes slow down in hardening in air at 45°. The two samples hardened 
in air at 45° for 3 days and 3 months respectively were found to contain the gibbsite lattice and a mixture of 
hexagonal calcium hydroaluminates mainly highly basic. 


SUMMARY 


1. When samples of calcium monoaluminate made at L:S = 0.5 are hardened in water, hexagonal calcium 
hydroaluminates, mainly 2CaO - Al,0; ° 8H,O, are first formed, and alumina gel crystallizes in the form of gibbsite. 
This is followed by recrystallization of 2CaO - Al,O3 + 8H,O into cubic 3CaO -A1,0, - 6H,0, highly basic calcium 
hydroaluminates appear, and the crystallization of gibbsite continues. When CaO -A1,O, is hydrated in large 
amounts of water, the conversion of hexagonal hydroaluminates into the cubic form is accelerated considerably. 
The appearance of 3CaOAl,O; °6H,O in the strucure of the hardened cement had no adverse effects on its strength. 


2. Hydration of CaO -Al,O, in water was accelerated considerably at a higher temperature, as indicated 
both by the amount of combined water and by the accelerated conversion of hexagonal hydroaluminates into the 
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/ 
cubic form, The strength of the samples, which fell at the first stages of this recrystallization, was restored, 
probably as the result of formation of a new crystalline structure, which now consisted of 3CaO - Al,O - 6H,O and 
Al(OH), partly as a colloidal but mainly as a crystalline phase. 


3. Hydration is slowed down in air hardening both at room and at elevated temperatures, owing to a defi- 
ciency of water, Remains of unhydrated CaO -Al,O,, gibbsite, and a mixture of highly basic calcium hydroalu- 
minates, mainly 4CaO - A1,0, -14H,O, continue for a long time to be the structural elements of the hardened 
cement. 


Scientific Research Institute Received June 11, 1957 
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THE COLLOIDAL STATE OF SOLID SOLUTIONS IN 
TWO-PHASE METALLIC ALLOY SYSTEMS 


V. M. Glazov and V. N. Vigdorovich 


In a series of investigations (1, 2] of the effects of alloy composition at a given temperature on the micro- 
hardness of solid solutions it was shown that the microhardness of crystals of a solid solution, which appear homo- 
geneous under the microscope, increases or decreases in accordance with the microhardness of the second phase, 
whereas the phase diagram indicates that it should remain constant, The hypothesis that the solid solution be- 
comes supersaturated was not confirmed by x-ray data. It was therefore suggested [1] that the crystals of a solid 
solution, which appear homogeneous under the microscope, in fact have a more complex structure, characterized 
by the presence of submicroscopic particles of a second phase which are formed in the course of dendritic crys- 
tallization and which are deposited in the interaxial dendrite spaces (second-order heterogeneity, or microhetero- 
geneity). Since this hypothesis was put forward, we have accumulated considerable experimental data which 
gives more detailed information on the nature of the heterogeneous structure of real crystals in the solid solutions, 


In this paper it is proposed to draw definite conclusions concerning the state of heterogeneous crystals of 
solid solutions in two-phase alloys. 


Investigations of the microhardness of crystals of solid solutions in relation to the compositions in such 
systetus 2c:Al Cu, Al=S1, Al=Z2n, -Al> TlAl— Ta, Ak> Zr, Al > Mn7Al—Ffe,Cu— Ti, Cu Zr, Cl= Cr 
etc., showed that all the microhardness isotherms are of the form shown in Fig. 1, a, which contains data for the 
system Al — Cu, taken as an example. The microhardness of the crystals of the solid solution increases with the 
content of the second component in the two-phase region of the diagram. When the microhardness of the second 
phase is less than the microhardness of the homogeneous solid solution, the microhardness of the quasi- homogeneous 
crystals of solid solution falls instead of rising. We observed this for such systems as Cd — Bi, Cd — Sn, Al— Sn etc, 


It was found that the effect of the particles present in the solid solution on its microhardness is not eliminated 
by relatively brief or even by fairly prolonged homogenization (up to 150 hours), However, if alloys showing 
increasing microhardness are subjected to very prolonged homogenization; for example, if Al — Cu alloys are 
homogenized to 400° for 500-600 hours, the microhardness of the crystals of solid solution in them becomes 
constant and equal to the microhardness of the alloy at maximum saturation at the given temperature (Fig. 1, b). 


It should be pointed out that in systems in which the solubility varies substantially with temperature the 
microheterogenization effect is also observed in two-phase alloys with composition to the left of the point of 
maximum saturation, i.e., in the composition region where formation of submicroscopic particles of the second 
phase in the course of dendritic crystallization is impossible (for example, in the system Al — Zn, Fig. 2). 


Therefore the formation of particles giving rise to microheterogeneity in the crystals of solid solutions in 
two-phase alloys is possible not only as the result of dendritic crystallization, but also as the result of decomposi- 
tion of the solid solution with changes of solubility on decrease of temperature. Therefore two mechanisms for 
the occurrence of microheterogeneity, corresponding to two processes of entirely different nature, should be 
distinguished. The nature of these processes will be considered in detail later. 


Kine tic studies of the transition of quasi-homogeneous crystalsin solid solutions into the true homogeneous 
state, performed by means of the microhardness method, showed that the kinetic curves for different systems are 
strictly uniform in shape. A typical kinetic curve representing the transitionof quasi-homogeneous crystals of solid 
solution in the alloy Al+ 8% Cu (Fig. 3, a) into the true homogeneous state after 100 hours of homogenization at 


400° is shown in Fig. 3, b. 


15 


Al? 4 6 & 0 2h 
— Cu,% wt. % Zn 
Fig. 1. Variation of microhardness with composition at 400° in the system 


Al— Cu after homogenization: 
a) for 100 hours; b) for 600 hours. 


Fig. 2. Variation of microhardness with composition at 200 and 20° in the 
system Al — Zn. 


The foregoing facts suggest that the micro- 
heterogeneity effect can be regarded as a colloidal 
state of the solid solution, by which is meant a special 
state primarily characterized by a definite particle 
size and extensive interfacial area. Another interest- 
ing fact should be mentioned, which did much to con- 
firm our view that the heterogenized grains of a solid 
solution constitute a colloidal system. In microscopic 
examination of electropolished specimens of two-phase 

Fig. 3. Coagulation kinetics of the colloidal Srloys of mikes and copper, and aluminum and 

solution in a grains in Al + 8% Cu alloy at silicon, we did not observe grain heterogeneity in the 

400°. solid solution in direct reflected light, even at consider- 

able magnifications (x 1000). The grains of solid solu- 

tion appear absolutely homogeneous under direct reflected light. However, when the same specimens were ob- 
served in a dark field, a peculiar Tyndall effect could be seen. The reason is that transparent substances are 
examined in transmitted light (Fig. 4, a) whereas opaque materials, such as metals and alloys, are examined in 
reflected light, when the objective serves not only to produce an enlarged image, but is also a component of the 
illuminating system. The structure of metals and alloys is usually studied in a light field (Fig. 4, b). However, 
it can also be studied in a dark field (Fig. 4, c), when the boundary rays emitted by the light source are used for 
illumination. These rays are reflected by a plane aluminized plate onto a concave parabolic mirror condenser, 
which focuses them on the specimen surface. These rays are reflected, pass through the objective, and the image 
formed is viewed through the eyepiece. The specimen surface is illuminated from all sides by oblique rays, a8 
in illumination by scattered daylight giving a more correct representation of the colors and the form of the 
specimen surface. The rays illuminating the object have a very low angle of incidence, and therefore only a 
small proportion of the reflected and scattered rays enters the objective. When the specimens were examined in 
a dark field, bright points could be observed over the whole field of the grain, the number of such points being 
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greater near the grain boundaries*. It should be noted 
Eyepiece this effect is not seen in dark-field examination of 
polished sections made from specimens subjected to 


a8 prolonged homogenization, leading to loss of micro- 
es: 3 Se heterogeneity, as shown by the microhardness method 
“g a 9 (its values correspond to the horizontal region in Fig. 
ty 6 1, b). Therefore prolonged homogenization results in 
igs coagulation, and the crystals of solid solution become 
Ob- 
olay Objective truly homogeneous. 
‘Condenser Thus it may be assumed that heterogenized a 
grains consist of a colloidal solution. As in any colloid- 
pecimen Specimen al system, two phases are present here (there may be 


more than two); a heterogeneous system consists of a 
dispersion medium(thea solid solution) and a disperse 
phase (particles of the second phase distributed in the 
crystals of the q solid solution). The particles of the 
disperse phase, distributed throughout the solid solution 
grains, are very small, so that the interface between the 
dispersion medium and the disperse phase is very large. It is this quantitative change of internal surface that 
leads to the appearance of new properties in the system and determine its colloidal character. 


Fig. 4. Schematic representation of micro- 
structure examination; 

a) by transmitted light b) in a light field, c) 
in a dark field. 


The two different mechanisms by which microheterogeneity arises, to which reference was made earlier, 
can now be considered as dispersional (due to dendritic crystallization) and condensational (due to liberation of 
submicroscopic particles of the second phase in the solid state) formation of a colloid solution in the solid-solution 
grains of two-phase alloys. 


The formation of a colloid solution by the dispersional mechanism is due to the dendritic growth of the 
primary crystals of solid solution. As the result of dendritic crystallization regions of the as yet uncrystallized 
melt become trapped and surrounded on all sides by branches of the growing dendrites. Being still liquid and at 
the same time cut off from the main bulk of the melt, these particles of metallic liquid crystallize independent- 
ly. The system remains for some time in the final crystallization stage, characterized by the existence of a solid — 
liquid state [3], when the dispersion medium is solid and the disperse phase is liquid. On further decrease of 
temperature the composition of these liquid particles alters during crystallization, up to the eutectic composition, 
after which particles of the second phase are formed. It is evident that, in accordance with the component inter- 
action, the melt may ultimately reach the peritectic composition and this would also eventually lead to the 
appearance of particles of the second phase. Subdivision of the melt by the dendrite branches during crystalliza- 
tion leads to formation of particles of different sizes. Therefore a colloidal solution formed by this mechanism 
can be regarded as polydisperse. 


Microhardness determinations of solid-solution grains, which are themselves colloidal solutions formed by 
the condensational mechanism, indicate that the separation and formation of particles of the second phase occurs 
simultaneously throughout the volume of the solid-solution grain in this case. With the aid of a somewhat simpli- 
fied model of this process we may postulate that the particles of the second phase are formed in regions where 
the atoms of the second component tend to concentrate (local fluctuations of composition) simultaneously through- 
out the volume, and grow at a constant linear rate. In consequence of the equal conditions of formation and growth, 
the particles must then be of approximately equal size. Therefore a colloidal solution formed by the condensa- 


tional mechanism may be regarded as monodisperse. 


The greatest deviations from this assumption probably occur near the boundaries of the solid-solution grains, 
where the material has a large number of vacancies and a higher value of the isobaric — isothermal potential, 
which favors predominant formation of particles of the second phase. 


it should be noted that in systems in which solubility is very low, it either does not change with temperature 
or changes very little; the condensational formation of a collidal solution in two-phase alloys is then excluded 


* Good photographs of polished sections cannot be obtained in a dark field. 
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Determinations of Alloy Solubility in the Solid or is very weak. In such systems it is possible to ob- 
State by the Microhardness Method and by serve microheterogenization of the solid-solution 
x-Ray Structural Analysis grains in two-phase alloys as the result of purely den- 
dritic crystallization. 


Solubility, wt. % 
Temp. microhard- | x-ray struc- In alloys the composition of which lies to the 
CC) ness method | tural analysis right of the point of maximum saturation the total 


microheterogeneity results from both the processes in 
question. The relative participation of the condensa- 


System 


Al — Cu 2,85 2,80 
4,0 4,0 tional process diminishes with increase of the quench- 
Al—Zn Sig nite ing temperature; it is then possible to observe in pure 
TOES} 0.05 0.03 form the influence of microheterogeneity resulting 
0,8 0.8 from the condensational process. For this, it is first 
Al— Ti 0,08 0,06 necessary to homogenize the alloy for a long time, 
Al — Ta 0,16 0,15 


with elimination of all microheterogeneity, and then 
to warm the alloy (without fusion) and cool it slowly. 


It now remains to consider the stability of colloidal solutions in two-phase alloys. Investigations of solubil~ 
ity in the solid state for a number of binary systems, performed both by the microhardness method and by x-ray 
structural analysis, showed that there is complete agreement between the results given by the two methods (see 
table). 


The table shows that the solubility data for the alloys coincide almost completely, despite the fact that 
in all cases when the solubility was determined by the microhardness method the microhardness isotherms for 
the solid-solution crystals showed an increase of microhardness in the two-phase region of the diagram. 


This suggests that the composition of the solid-solution crystals themselves (with the particles of the second 
phase disregarded) is an equilibrium composition, and corresponds to the saturation concentration at the correspond- 
ing temperature, indicated by the line of limited solubility in the phase diagram. Hence the colloidal solution in 
the a grains of two-phase alloys represents the metastable state of a solid solution of stable concentration. It is 
implied that the composition of the dispersion medium corresponds to the composition as indicated by the phase 
diagram, but the isobaric — isothermal] potential of such a system is very high because of the higher dispersity of 
the disperse phase. However, this does not change the mutual solubility of the two phases in equilibrium, as the 
second phase, apart from giving rise to the colloidal solution in the o grains, is also present in the alloy ina 
state of a definite degree of compactness. 


The influence of the particle size of the segretated second phase on the limiting solubility was examined 
in detail by Konobeevskii [4] in the light of the general theory of phase formation. However, in the cases con- 
sidered by Konobeevskii the dispersion medium did not have an equilibrium concentration (in the sense of the 
phase diagram), while the second phase was present only in the form of fine particles, close to the colloidal state. 
In the present instance the presence of the second phase in the form of compact formations, since the alloy com- 
position corresponds to the two-phase region of the diagram, indicates that the dispersion medium has stable 
equilibrium concentration. 


The formation of a relatively stable solution in the a grains of two-phase alloys is associated with the 
thermodynamic advantage of this process on cooling. However, the existence of an extensive interphase surface, 
the formation of which is associated with an increase of the isobaric — isothermal potential of the system, makes 
this state unstable. Because of this, substances in the colloidal state are particularly liable to undergo phase 
transformations with increase of their surface energy. 


If we consider the stability of the colloidal solution in the q grains by analysis of its coagulation process 
(Fig. 3, b), we can distinguish two periods: the period ofaggregative stability and the period of kinetic stability 
of the colloidal solution. The period of aggregative stability represents the time during which the dispersity of 
the particles of the second phase remains unchanged. During this time, under constant conditions (temperature, 
concentration, etc.), the system remains {1 a metastable state, characterized by absence of coagulation of the 
particles of the second phase in the solid-solution grains. The period of kinetic stability characterizes the coales- 
cence rate of the particles of the second phase. During this period the « crystals approach a stable state. 
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The effects described above provide further confirmation of the common nature of the principal problems 
in the theories of liquid and solid solutions. If certain special properties are ascribed to the crystalline state of 
matter, and it is contrasted with the liquid and gaseous states, the similarity between phenomena in solid and 
liquid solutions generally passes unnoticed. Nevertheless, solid solutions have many of the properties of liquid 
solutions; in particular, as is shown in this paper, they may exist in the colloidal state, 


SUMMARY 


1. The microhardness of solid-solution crystals in the systems; Al -Cu, Al—Si, Al— Zn, Al— Ti, Al— Ta, 
Al— Zr, Al— Sn, Al— Mn, Al— Fe, Cu— Ti, Cu— Zr, Cu — Cr, Cd — Bi, Cd — Sn etc. has been studied, and it is 
shown that the solid-solution crystals may become microheterogeneous by two mechanisms; dispersional and con- 
densational. 


2. A technique is described for microscopic investigation of the microheterogeneity of solid-solution 
crystals by reflected light with the aid of a dark-field optical system whereby the presence of ultramicrocr ystals 
in the solid-solution crystals may be detected. 


3. The transition of heterogeneous solid-solution crystals from the metastable into the stable state, which 


occurs in two stages, has been studied from the kinetic aspect. = 


4. It is shown on the basis of x-ray data that microheterogeneous crystals of a solid solution represent the 
metastable state of a solid solution of stable concentration with regard to the equilibrium diagram. 


5, The results are interpreted as indicating that the solid-solution crystals are in the colloidal state. 
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INVESTIGATIONS OF THE PHYSICAL CHEMISTRY OF AGAR 


3. FACTORS DETERMINING THE ELASTICOVISCOUS PROPERTIES OF AGAR GELS 


S2AS Glikman and 1. 'G: Shubtsova 


The main distinction between true polymer solutions and gels is that the former have no determinable 
elastic limit. 


In continuation of Shvedov's work [1], who showed experimentally that even very dilute gelatin solutions 
have rigidity at room temperature, Michaud [2] determined the minimum shearing stresses causing irreversible 
deformation of agar gels; for 0.05% gels this value is only 0.004 g/cm’, and the yield point increases very rapid- 
ly with the agar concentration; it is 0.32 g/cm? for 0.08% gel, 27 g/cm? for 0.2% gel, and’525 g/cm’ for 0.4% 
gel. However, as was shown later by Duclaux and Chirata [3], even very concentrated solutions of nitrocellulose 
in acetone are only apparent gels, which in reality flow under any, even very small, shearing stresses. 


The above values for the elastic limit of agar 
gels refer, of course, to one particular agar sample 
prepared by Michaud. Both the elastic limit and other 
elasticoviscous characteristics of other samples, made 
from different materials and by different technological 
processes, may differ considerably. It is known that 
the mechanical properties of any polymer and of sys- 
tems formed by it depend primarily on the degree of 
polymerization if the molecules are of the same chem- 
ical nature, but if the molecules are not completely 
uniform in the chemical sense the number, nature, and 
distribution of the different monomer units in the macro- 
molecule may have a significant influence. 


The influence of sulfate ester groups and their 


cations in agar macromolecules was first observed by 
Samec and Isajevic [4]; they also found that electro- 
720 dialyzed agar is unstable to heat; this is attributed to 
t,min hydrolysis of the polysaccharide in an acid medium. 
Fig. 1. Deformation kinetics of a gel from an agar Fairbrother and Mastin [5] obtained free agar sulfuric 
fraction washed at 75° acid, which had no gelating power. Hoffman and 


Gortner [6] showed that neutralization of agar sulfuric 

acid restores the gelating power, irrespective of the 
cation. According to de Waele [ 7] and Percival [8] neither cations nor sulfate ester groups have any specific 
effects on the properties of agar. Pavlov and Engel'shtein [9], Gryuner and Veronyan [10], and Marshall, Newton, 
and Orr [11] noted that the K+ ion gives rise to gels of higher strength than the Ca?*+ ion, Bungenberg de Jong 
[ 12] considers that the role of sulfate ester groups in the polygalactose molecule to be that of ionogenic groups: 
similarly charged polymeric anions are mutually repelled, with a decrease of intermolecular cohesion; excess 
of cations leads to neutralization or charge reversal; the ease with which different cations are bound by the 


anion depends on their degree of hydration. 


The data on the influence of various factors on the gelating power of agar are diverse and sometimes 
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Elasticoviscous Characteristics of Agar Gels 
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contradictory; this is probably because the role of different chemical characteristics of the polymer molecules 
and the role of the degree of polymerization operate in conjunction. Moreover, the methods used for determina- 
tion of gelating power are very diverse and usually conventional. 
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Fig. 2. Elastic limit of agar gels containing 0.5% agar and 60% sugar. 


Fig. 3. Effects of dialysis and neutralization of dialyzed agar on the elastic limit of its gels. 


We attempted to determine the effects of each of the three fundamental factors characterizing the nature 
of the agar polyelectrolyte: degree of polymerization and the relative contents of sulfate ester groups and cal- 
cium fons, on the elasticoviscous constants of agar gels which have a definite physical meaning. The materials 
used for the investigations were samples of Japanese agar (Sample I) [13] and Far Eastern agar (Sample II), freed 
from metal cations to different extents by the electrodialysis or by the action of hydrochloric acid. 


The elasticoviscous constants of agar gels were determined by the method of tangential displacement of a 
plate, developed by Rebinder and Veiler [14]. Since aqueous agar gels are elasticobrittle bodies which readily 
undergo syneresis, as was noted earlier by Rebinder, Shal't, and Markovich [15], for comparison of the elastico- 
plastic properties of different agar samples we used gels containing sugar, so that it was possible to plot complete 
theological curves at shearing stresses above the elastic limit (P},). The experiments showed that the mechanical 
properties of gels containing 0.5% agar, 60% sugar, and 39.5% water remain virtually constant for several days 
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TABLE 2 


Effects of Dialysis and Neutralization of Agar on Its Elasticoviscous Properties 


Duration 
of dialysis, n,-107° 
hours poises 
2,20 
1,50: 
0,45 
0,02 
0,79 


*Neutralized before being dissolved. 


after an initial aging period of 12 hours, if evaporation of moisture from them is prevented by a thin covering of 
mineral oil. 


As an example, curves showing the deformation kinetics of a gel made from one of the fractions are given 
in Fig. 1. The constants were calculated in the usual way. However, as in the case of ethylcellulose gels [16], 
the deformation due to configurational elasticity in agar gels was proportional to the shearing stress only at stresses 
not exceeding the elastic limit, and was almost constant at stresses above P;,. The values were determined 
graphically by the method described by Rebinder and Segalova [17]. 


Fractions leached out at 25 and 45° did not give well-defined gels. Our method of investigation was not 
sensitive enough for determination of the elastic properties of their gelatinous solutions. However, it follows 
from Table 1 and Fig. 2 that the elasticoviscous constants of fractions extracted at 60° and over increase pro- 
gressively with increase of intrinsic viscosity, but in contrast to [n]q, for the original sample, which is higher 
than [1 ]g for any of the fractions (as was noted in our previous communication [13]), the elasticoviscous charac- 
teristics of the gei from the original samples are intermediate between the constants for fractions leached out at 
75 and 85°, 


The progressive increase of the elasticoviscous properties of the fractions and the higher values of the con- 
stants for Sample II as compared with Sample I are probably due to an increase of the number of intermolecular 
bonds and of the energy of these bonds. Both effects should occur with increase of chain length, with decrease of 
the number of sulfate ester groups, and with increased substitution of their hydrogens by bivalent calcium ions. 
These are the factors which determine the consecutive extraction of the fractions at increasing temperatures. 
The.role of these factors consists of the following: 


a) the degree of polymerization has the same significance as in the fractionation of other high polymers; 


b) the presence of sulfate ester groups, solvated and ionized in aqueous solutions, weakens the mutual 
attraction of the polymer molecules, because of the repulsion of similarly charged anionic groups; the steric 
factor may also be significant; 


c) calcium ions strengthen the gel structure by formation of intermolecular bridges. 


The properties of the free agar acid, without metal cations, were studied in experiments on the electro- 
dialysis of agar (Sample II). 

It follows from the data in Table 2 and Fig. 3 that the SO, content which falls sharply during the first 
hours of dialysis (probably because of leaching of the low-molecular fractions, with high contents of sulfate ester 
groups and cations), remains almost constant during the subsequent dialysis. Investigation of solutions prepared 
from these dialyzed samples by the usual method at 100° showed that their viscosity and gelating power decrease 
with progressive removal of metal cations from the agar, i. e., with increasing acidity, which on heating Ui a to 
hydrolysis of the polyelectrolyte molecules. This effect is irreversible, and therefore subsequent neutralization of 
the free agar acid by alkali did not restore the original properties even partially. 


23 


Different results were obtained when agar samples swollen during dialysis were treated with bases and only 
then dissolved in the usual way on heating. In such cases, as Table 2 shows, the solution viscosities and elasti- 
coviscous constants of the gels were considerable higher. . 


Since heating is required for preparation of agar solutions, it was not possible to study the properties of 
solutions and gels of undegraded agar acid. However, the parallel decrease of gelating power and intrinsic vis- 
cosity, which is a function of the weight-average molecular weight, at constant content of sulfate ester groups is 
itself a direct indication that the principal factor determining the elasticoviscous properties of agar gels is the 
degree of polymerization of the polyelectrolyte molecules, while the relative sulfate-ester group contents and 
the nature of their substitution are of additional significance. 

SUMMARY 


1. Higher elasticoviscous characteristics of sugar — agar gels correspond to higher intrinsic viscosities of 
the agar fractions, lower SO, contents, and higher Ca: SO, rations. 


2. In samples freed by electrodialysis from metal cations, with equal contents of sulfate ester groups, the 
gelating power varies in parallel with the intrinsic viscosity. 


3. The principal factor determining the gelating power of agar is the degree of polymerization of the 
polyelectrolyte molecules. he presence of ionizable sulfate ester groups leads to some weakening of the inter- 
molecular bonds owing to electrostatic repulsion of the anions and to steric hindrances; the calcium ions in these 
groups aid the formation of bridge bonds. 


‘The N. G. Chernyshevskii State University, Saratov Received March 6, 1958 
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THERMODYNAMICS OF IRREVERSIBLE PROCESSES AND ELECTROOSMOTIC TRANSFER 
IN DISPERSE SYSTEMS 


M.N. Gol'dshtein 


The flow of heat and electricity through colloidal substances, filtration of liquids, diffusion —in fact, all 
processes which can be generally described as transfer phenomena — are characterized by interdependence and 
interaction, The interaction which has been studied most in colloid chemistry is that between electric current 
and liquid filtration, which lies in the field of electrokinetic effects. 


Particularly important advances in studies of these effects have been achieved in recent years. The extens- 
ive experimental investigations of the Zhukov school were recently summarized in a detailed monograph [1]. A 
large contribution was made by Mazur and Overbeek [2], who introduced thermodynamic methods into theoretical 
studies of these effects. 


As is known, it is assumed in the thermodynamics of irreversible processes that any effects (Jj,) which may 
be described as "generalized velocities" and which are induced by the action of a certain cause, described con- 
ventionally as a “thermodynamic force" (X;,), are linear functions of the latter 


Jin = Lin Xx, D 
where Lj, is a proportionality factor [3]. 


The existence of this linear relationship allows of the extensive use of linear algebra and the well-known 
methods of the theory of linearly variable systems, in which quantities analogous to J;,, are termed "generalized 
displacements,” and those analogous to X; as "generalized forces." In the thermodynamics of irreversible processes 
the term "generalized direction” is taken to mean a particular kind of effect or process caused by a given general- 
ized force (Gol'dshtein [3]). 


| 


In presence of k different generalized forces the total generalized velocity in direction i is determined by 
the so-called canonical equation 
Ji = di LinX. (2) 
1, 
We shall refer to the term L;;X, in this sum as the principal term, and LjxX, are described as the subsidiary 
terms. Correspondingly the coefficients Ljj are principal, and Lj, are subsidiary. 


If it is assumed that in Equation (1) X;, = 1, it is clear that the coefficient Lj, is none other than the general- 
ized velocity at a generalized unit force; we shall term these coefficients the specific velocities. 


The characteristic feature of the principal velocity is that of all the kinds of effects induced by the general- 
ized force it alone always takes place when this force acts, whereas the subsidiary velocities may be absent under 
particular conditions. If, for example, the generalized force is a pressure difference, then the principal generalized 
velocity is liquid flow, while a subsidiary velocity is electric current (streaming potential). If the generalized 
force is a potential difference, then the principal generalized velocity is electric current, while liquid flow 
(electroosmosis) is subsidiary. It is important to note that subsidiary velocities arise as the result of changes in- 
duced in the system by principal velocities. 

One of the basic principles of the thermodynamics of irreversible processes, the so-called mutuality relation- 


ship established by Onsager 
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Lix = Li, (3) 


can be formulated as follows in the terminology adopted here: "the specific velocity induced by the generalized 
force X, = 1 in the direction of the generalized force X, is equal to the specific velocity induced by the general- 
ized force Xj = 1 in the direction of the generalized force X;,." 


For a nonequilibrium system in the steady state the products of the generalized forces and the velocities in 
the corresponding directions have the following characteristic: the sum of all these products for a given system is 
equal to the rate of entropy increase per unit volume of the system, multiplied by the temperature T: 


TO = Di, Xi (4) 
i 
or, with Equation (1) taken into account 
10 = DLW XX (5) 
i.e., the rate of entropy increase is a homogeneous quadratic function of the generalized forces. 


It is important to bear in mind Denbigh's comment [4] that the linearity of the relationship between general- 
ized forces and displacements should be verified experimentally in each individual case. 


The very careful experiments of Manegold and Solf [5] on electroosmosis were performed with thin collodion 
membranes only. However, recently there has been a great increase of interest in electroosmotic effects in clay 
soils in connection with a number of successful industrial trials of this method for soil drying. The engineers who 
carried out these trials observed effects in contradiction to Equations (2) and (3). For example, B. S. Fedorov 
found that when an electric field is applied to a soil the filuwation permeability of the latter increases significantly. 


It follows that the sum of the electroosmotic and filtrational flows resulting from separate applications of 
current and pressure is not equal to the flow under the simultaneous action of current and pressure of the same 
magnitude [6]. 


Consider the case in which a liquid present in the pares of a diaphragm of thickness 1 separating two com- 
partments of an electroosmometer is subjected simultaneously to an electric potential difference.A y anda 
hydraulic pressure difference AP. The potential difference causes flow of electric current and electroosmotic 
flow of the liquid. The hydraulic pressure difference causes filtrational flow of the liquid, and flow of electric 
current as the result of electrokinetic streaming potential (transfer current). 


In this case the rate of entropy increase is the sum of the products of the filtration flow and flow of electi- 
city, and the corresponding generalized forces. 


The generalized forces are taken to be the potential gradient 
U = Agil (6) 
and the hydraulic gradient 
H = API, (7) 
Accordingly, we must take the filtration rate v and the current density i as the generalized velocities. 
The canonical Equations (2) then become 


LyH +1.,U =v; 

Lo, -+- Lee U = vr. 

The principal specific velocity Ly, is known in hydraulics as the filtation coefficient, while the principal 
specific velocity Lge is none other than conductance. At H = 0, the first of the two Equations (8) gives 


(8) 


Lie U =F (9) 


the rate of electroosmotic migration of the liquid through the diaphragm, and therefore the subsidiary specific 
velocity Ly2, is the quantity of water transferred by electroosmosis through unit section of the diaphragm at unit 
potential gradient. This coefficient is essentially the known coefficient in the Helmholtz — Smoluchowski equa- 
tion, which includes the zeta potential, the dielectric constant (D), and the viscosity of water (7). It should be 
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noted that there are as yet no reliable methods for direct determinations of all these quantities within the double 
layer and therefore the introduction in their place of the single coefficient Ly (known as the coefficient of 
electroosmosis [7], and easily determined by experiment) is very convenient in practice. 


The specific subsidiary velocity Ly, is the density of the electric current caused by filtration of water through 
the diaphragm at unit hydraulic gradient. It is therefore none other than the transfer-current density. 


By the Onsager rule 


| => 1 ee (10) 
i. e., the tranfer-current density at H = 1 is numerically equal to the electroosmotic velocity at U = 1. 


Solving Equations (8) for H and U, we have; 


Kyyv -f- K yt = Hig Koyv -}- gai = U, GY 
where 
; Les Ts A L 
| EA nee Le Ee et ere ROT See ee ae 12 
11 Exakeos <P BY Re ’ Ko Ei, Tse eas Dede ’ Ky. Koy (12) 


bnles— Luba 


When v = 0, i. e., when no water flows through the diaphragm, we find the pressure gradient, from the 
first equation in the system (11), 


Haz iKes: (13) 


which can counterbalance and stop the electroosmotic flow of water produced by current of density i. 


Compressed 


Fig. 1. Electroosmometer 


This value can be conveniently described as the electroosmotic gradient. The coefficient Ky, is unit 
electroosmotic gradient (when i = 1). 


When i = 0, we have from the second equation in the system (11) 
U = Kay. (14) 


Therefore, Ky, = Ky should be regarded as the. flow-potential gradient at water filtration velocity v = 1. 
Negative sign of Ky and Kay in Equation (14) indicates that the direction of the electroosmotic gradient and of 
the flow-potential gradient is countercurrent to the applied external generalized forces H and U. 


The appearance of an electroosmotic-pressure gradient countercurrent in direction during gravitational 
filtration is the cause of "electrokinetic retardation” of filtration, which was formerly attributed wrongly to an 
increase in the viscosity of water in fine capillaries [8]. 


Canonical equations covering a wider range of transfer effects should be of the form: 
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Ey -- Dy, U + Lys -}- bya Q +LisW + 1LigD = v; 
Lal + Le2U + Lal + LeaQ + LyW + LogD = 
Tg,H +-LsaU + LssC +- LsaQ + LgsW + LggD = c; (15) 
LIyH + Da + La 4+-LaQ +1yW +1igD = @; 
Ly + D52.U +1D5sC +L + LW + L5.D = w; 
Le H + Le,U + Lg3C +- Le, oa LosW ae LegD = d, 


where C, Q, W, and D are the concentration, temperature, humidity, and double-layer potential gradients across 
the diaphragm, and c, q, w, and d are the velocities in the directions of the generalized forces represented by 
the corresponding capital letters. 


The principal specific velocities Ly3, L44, Ls5 and L¢g are, respectively, the coefficients of diffusion, heat 
conductivity, moisture conductivity, and “ionic conductivity of the diffuse layer” (we propose this last term for 
the rate of ion migration along the diffuse layer at unit potential gradient of the double layer across the diaph- 
ragm, i. e., the corresponding current density). 


According to the Onsager rule, the subsidiary specific velocities, symmetrical about the diagonal, are 


respectively equal: Ly = Lay; L3y = Ly3; Lag = Los; Lig = Lay ete. ‘ 


These subsidiary coefficients take into account such phenomena as the Soret effect (thermal diffusion), the 
Dufour effect (the appearance of a temperature difference as the result of diffusion of the components), the 
thermoosmotic effect (L1Q, displacement of water in presence of a temperature difference), etc. The term L2sC 
determines the electric current which arises as the result of the comentration gradient, and Ly,C represents osmotic 
flow of liquid. 


To test experimentally the applicability of the linear relationships of the thermodynamics of irreversible 
processes to electroosmosis in clay soils, we designed a special electroosmometer, shown schematically in Fig. 1. 
It consists of a Plexiglas cylinder 1, with detachable ends 2, attached by bolts. A lower perforated Flexiglas disk 
3 can be fitted in the cylinder on special supports; this acts as a support for the diaphragm 4 of disperse material, 
7 cm in diameter and 3.2 cm high. A similar upper perforated disk acts as a piston for subjecting the diaphragm 
to different pressures, transmitted through the rod 5. The calomel electrodes 6, marked conventionally on the 
diagram, are used for measurement of the streaming potential. The upper and lower compartments of the appara- 
tus are connected to agar bridges 7. The electrodes 8 are copper, in CuSO, solution. The tubes 9 connecting the 
compartments to the bridges have side tubes 10 and 11 for removal of filtrate; they are also used for transmission 
of pressure to the water, by means of compressed air. The agar bridges, designed by £. M. Gutman, allow a high 
pressure to be set up in the system without hindrance. The liquid flow rate is measured by means of the capillary 
12. Two VSA-5 selenium rectifiers in series serve as the source of potential. 


Clay soils of different mineral compositions were used as the diaphragm materials: montmorillonite, illite, 
and kaolinite clays and a dusty loam. 


The potential gradient varied from 0.1 to 1.5 v/cm, and the hydraulic-pressure gradient from 50 to 150. 
The latter was created either by means of compressed air, or by Argunov's vacuum method [9]. 


In the first series of experiments, in which the flow rate was determined from the amount of water flowing 
from the apparatus into a measuring vessel in 5 minutes, the results were very inconsistent; in some cases the 
total and simultaneous transfers were equal, while in others either one or the other was greater. Nevertheless, 
the simultaneous transfer was more often greater than the total (additive) transfer; this seemed to be consistent 
with Fedorov's observations. 


However, the lack of proportionality between electroosmotic transfer and the potential gradient gave rise 
to considerable doubts. Thus, with a 5-fold increase of potential gradient (from 0.1 to 0.5 v/cm) the transfer 
increased between 1.1 and 4.6-fold, whereas with an increase of potential gradient from 0.5 to 1.0 v, i. e., a 
twofold increase, the transfer increased 1.2 to 4.6-fold. 


A special experiment, in which the transfer was measured continuously every 15 minutes for 3 hours, and 
then every 30 minutes for 23 hours more, showed considerable fluctuations in the amounts of transfer, but with a 
consistent decrease. 


All this suggests that when the current is passed the soil undergoes intensive physicochemical changes which 
influence its electrokinetic properties. 
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Results of Experiments on the Influence of Electroosmosis on the Filtration Properties of 


Soils 
i 
Soil ie a8 U J bs ale eee he 

% lhours | % |v/om te m/sed'©  |"f* Yel"F4 e 

Montmorillonite 
clay 75,6 0 118 | 0,32 | 0,41 | 1,95 | 4,00} 2,95 | 2,96 
The same 75,6 49 422°) 0,60. }|.0;26 | 1,69-1-2 04 | 3, 73-13-72 
75,6 | 46,5 125 | 0,56 | 0,38 | 2,416 | 2,73 | 4,89 | 4,85 
Illite clay 49,4 0 125 | 0,34 | 0,21 | 4,89 | 3,54 | 8,43 | 8,56 
The same 49,4 | 49,5 1257 (EL One  SOn On| o2, OO) \etOs Os |Tats Onin tad 
woof 46,1 Thee) 116 | 0,60 | 0,28 | 2,90 | 5,32 | 8,22 | 8,49 
sey 46,1 9,5 114 | 0,62 | 0,29 | 3,08 | 5,28 | 8,36 | 8,36 
Kaolinite clay 28 5 65,7 | 0,92 |.0,156]41,50 | 9,93 ]21,43 121,40 
Dusty loam 2o50 Ye 106 | 0,59 | 0,22 {44,80 | 4,33 |16,13 |16,21 
The game Zoom, oO 69°) 0,59) || 0535 | 6,49" |° 4,68 114,47 4147 


* 7 is the time during which the current was passed through the diaphragm before the 
determinations were started. 

**ver is the rate of filtration through the diaphragm under hydraulic pressure in absence 
of current; multiplied by 10°. 

* **v. is the filtration rate under influence of the current in absence of pressure; mul- 
tiplied by 10°. 

****ve_. is the flow rate of the liquid through the diaphragm under the simultaneous 
influence of the same hydraulic pressure and electric current as in the separate determi- 
nations of vs and v,; multiplied by 10°. 


For greater accuracy, we then measured transfer by means of a capillary with divisions equivalent to 0.002 
ml at 20°, so that observations could be made over short periods not exceeding 100 seconds, during which the pro- 
perties of the soil could not undergo significant changes. The results are given in the table. 


It is clear from the table that at any given instant the condition 


vE+ Vle= VUfLe (16) 


is exactly satisfied. However, the quantities in Equation (16) vary continuously with time, but in such a way that. 


equality is 


Filtration rate in ml+10°. 


Fig. 2. Results of an experiment with mont- 
morillonite clay. 


&: 
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maintained. 


The curves in Fig. 2 show the variations of the 
parameters in one experiment with a diaphragm of 
montmorillonite clay. It is clear from Fig. 2 that the 
effect of the flow of current on the properties of the 
clay is to increase the filtration coefficient continuous- 
ly; the rate of electroosmosis also changes. 


The changes taking place in the diaphragm dur- 
ing the experiment may be eigher physicochemical, or 
structurome chanical. The physicochemical changes 
include; iton-exchange and other processes taking 
a rT eae eae) ee place in the double layer and changing its potential, 

Hours changes in the solution concentrations on each side of 
the diaphragm, effects of electrolysis processes, irregular 
heating of the diaphragm, the formation of a moisture 
gradient in the diaphragm, etc. The structuromechani- 
cal changes include: irregular packing of the diaphragm 


S 
Current strength, ma 


S 


under the influence of electrophoretic forces, particle dispersion or aggregation, the appearance of micro- and 
macrocracks as the result of irregular shrinkage of the diaphragm, etc. 
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However, despite the fact that some of these changes are nonlinear, Expressions (2) and (3) are valid at any 
given instant, although the specific generalized velocities change during the experiment. Expression (5) is then 
evidently no longer valid. 


SUMMARY 


1. The applicability of the principles of the thermodynamics of irreversible processes to electroosmotic 
effects in clays has been verified experimentally. 


2. An electroosmometer of novel design is described, suitable for compression of clay soils in the course 
of the experiment. Pressure filtration and electroosmosis can be effected simultaneously in the instrument. 


3. Despite the continuous variations of the filtration and electroosmotic coefficients caused by the flow of 
current, the sum of the electroosmotic and filtrational transfers at any instant is equal to the transfer caused by 
the simultaneous action of electric current and hydraulic pressure (of the same magnitudes), 


4, The diaphragm material undergoes physicochemical and structural changes, which may lead to non- 
linearity of the process during electroosmosis. Despite this, the mutuality relationship continues to hold at any 
instant, although Onsager's law of entropy increase breaks down. 


In conclusion, the author expresses his gratitude to £. M. Gutman who carried out the actual determinations, 
and to A. G. Kutepov for his careful construction of the electroosmometer. 


The Dnepropetrovsk Institute of Transport Engineers Received November 14, 1957 
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THE ELECTRICAL FIELD ON A MOVING DROP* 


1. THE THEORY OF THE ELECTRICAL FIELD OF A DROP CONTAINING AN 
IONOGENIC SURFACE-ACTIVE SUBSTANCE**# 


S.S. Dukhin and B. V. Deryagin 


There have been many studies of the electrical properties of drops, and especially of drops suspended in air. 
It is usually assumed that the electrical field of a drop is due to its electrification either by ions present in the 
air, or by ions in the liquid. It is shown in this paper that even in absence of excess charge an appreciable elec- 
trical field is formed both within and outside a drop moving relative to a surrounding medium which ensures mo- 
bility of the drop surfate. 


The direct cause for the formation of an electric field of a drop** * containing an ionogenic surface-active 
substance lies in local deviations from electroneutrality in the mobile surface of the drop* * **, arising because 
of excess surface adsorption of ions of either sign. 


However, it is not necessary to examine and study quantitatively the excess surface charges in order to 
elucidate the causes of nonequivalence of surface concentrations of positive and negative ions, or even to calcu- 
late the electrical field. On the contrary, it is convenient to take into account the fact (confirmed below) that 
surface deviations from electropeutrality may be relatively small, i. e., that the fraction of adsorbed ions the 
electric field of which is not compensated by ions of opposite sign is small. 


If this fact is taken into account, the mechanism whereby an electrical field arises near the mobile surface 
of a drop which has adsorbed an ionogenic surface-active substance * * ** * is revealed by consideration of the 
continuity relationships for the flow of ions at the surface. Let [+ and I” be the adsorptions of positive and 
negative ions, and v; the liquid velocity at the drop surface. The motion of the drop surface is accompanied by 
convective transfer of adsorbed positive and negative ions, the surface flow densities of which are I’ *v; and 
Ivy respectively. It is easy to see that the surface divergences of these flows differ from zero. Nevertheless, 


*Paper presented at the I1Vth All-Union Conference on Colloid Chemistry in Tbilisi, May, 1958. 

* *The effect under consideration is observed not only in presence of characteristic ionogenic surface-active sub- 
stances such as colloidal electrolytes, since, as will be shown in this paper, the magnitude of the electrical field 
is determined by the ratio of adsorption to volume concentration of the ions; this ratio may be fairly large even 
at low surface concentrations of the ions. 

* **In addition to the factors causing the electric field which are considered in this paper, factors examined by 
Natanson [1] also lead to electrification of drops. In order to examine the effects with which we are concerned 
separately from those considered by Natanson [1], we shall assume that the total charge of the drop is zero. 

* «**The drop as a whole being electrically neutral. 

* *«**The formation of an electrical field in the motion of a liquid interface was first observed by Frumkin and 
Levich [2, 3] in the case of a mercury drop falling through an electrolyte solution. It was necessary to take into 
account the adsorption of only one kind of ions, since it was possible to take into account only migration of ions in 
the electrical field, and diffusion had to be disregarded. In the effect under consideration adsorption of two kinds 
of ions must be taken into account, and the difference between the diffusion coefficients of the ions becomes the 
principal factor determining the magnitude and direction of the electrical field in question. 
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under steady-state conditions the surface ionic densities should remain constant. Therefore, the difference be- 
tween the access and loss of ions in each region of the surface, caused by convective surface flow, must be balanced 
by the corresponding normal component of the volume flow of ions, j,* or j, which in this case plays the role 
of a source or escape of ions in surface convective flow. It must be emphasized that equality of the flows of pos- 
itive and negative ions, j+ and j >, ensures that the surface is close to electroneutrality. However, since the 
diffusion coefficients of the ions are different, jj and j,, can be approximately equalized only by the action of the 
electrical field directed in such a manner that the total flow of rapidly diffusing ions to the surface decreases, 
and that of slowly-diffusing ions increases, so that jj, and jj are equalized and the surface is approximately 
electroneutral. ‘hus, approximate electroneutrality of the surface is ensured by small deviations of the surface 
from electroneutrality. This effect is characterized by a peculiar interconnection of the diffusion process with 
the electrical field, and it can be described as diffusional -electric. 


It follows from the foregoing that consideration of this effect must be based on equations which represent 
the ionic balance at the surface 
div, (Iv) = 7+, | (1) 
div, (I"-%) = j-. (2) 


The normal components of the ion flows, j* and j 5, are due to the migration of ions in the electrical field and 
to their diffusion, so that writing the right-hand sides of Equations (1) and (2) in full we have 


+ Act ae ae : Caan 
maa IB; ore -|- RT Ds VSR Es) = div,/" UL ’ (3) 
a 
OCn | paeete tad 2 Reape 5 “ 
(— D 7 jp? ae By) ==(divel’ 2», (4) 


where E, is the strength of the electrical field in the drop; F is the Faraday number; T is the absolute tempera- 
ture; Ris the universal gas constant; ct andc~™, D+ and D’, and z+ and z~ are respectively the concentrations 
(in moles/cc), diffusion coefficients, and electrovalences of the positive and negative ions in a binary electrolyte; 
a is the drop radius. 


The continuity equations determining the potential and ion distribution in the volume of a binary electro- 
lyte during the passage of a steady current have been considered earlier [3]; 


v grad ct =: Dt Act 7 D*z*div (ctE,), (5) 
v grad oe = Ac pe Dz div (c"E). (6) 
The principal simplifying factor is the assumption of electroneutrality 
Zr ct 2"c = 0, (7) 
The same condition must hold for adsorption 
Gd. 5 ead hina (8) 


Using equations (7). and (8), it is convenient to introduce the volume molar concentration c and the surface molar 
adsorption T° 


Eliminating Ey, (a, ©) from Equations (3) and (4) and using Equations (7) and (8), we find the boundary 
conditions for determination of c (r, ®) 


) 4 , 
a (a, i) = Dey div (1x). (9) 


Equations (5) and (6) under Condition (7) take the form 


v gradc = De,,Ac. (10) 


FG eR agian aaa ® i 

pp (2D +2D)c&, + (D* —D>)grade = pe, (11) 
h D she! DtD- (zt 4- 25) >, ; —> 
where Very = Os ers eS the velocity distribution; i is the total electric current. Therefore, for 
determination of the electrical field first within and then outside the drop it is first necessary to solve Equation 


(10) for convective diffusion, and then to use Equation (11) to find Ei: the latter also requires a knowledge of the 
total current distribution i (r, 6). 


We use Equations (1) and (2) to show that with total electroneutrality of the drop surface (Equation 8) the 
normal component of the density of the total current at the surface is zero 


in=it—i, = stejt —2-eja = div, [(2*l'*t — 2 I~) ev,) = 0. (12) 


To confirm that in this instance the density of the total current is everywhere zero, we transform Equation 
(11) into 


i(r, 0) = c(r, 9) grad }(r, 8), #-- (13) 
mbexesh (Tr; Oemciate- [aa (zt Dt + -D~) @(r, 9) + (Dt — D-)Inc(r, 0)|. (14) 


We express in terms of y the continuity equation for the total current div 1s 0 and the boundary condition at the 
drop surface, which is easily derived from Equations (11) and (12) if it is taken into account that c (a, 0)# 0. 


div[c(r, 0) grad (r,0)}=0, $2 (a, 0) = 0. 


The fact that the problem so formulated has only the trivial solution y (r, @) = const, can be demonstrated, for 
example, by the method of thermal analogies. 


The analogous thermal problem 
: oT 
div [\ (7, 9) grad T (7, 8)] =0, op (4, 9) = 0, 
where T(r, @) is the temperature field; A (r, 6) is the coefficient of thermal conductivity varying from point 
to point, can be formulated as follows. It is required to find the steady-state thermal field within a sphere (or any 
enclosed volume) which does not contain volume sources of heat and which is ideally insulated externally. Since 
there are no heat sources either in the sphere or at its surface, it is clear that there are no heat flows in such a 
system: T(r, @) = const; this leads to Equation (14), and finally we have 
> 
i(r, 8) = 0. (2) 
Taking (15) into account, we transform Equation (11) 


oA RT D*t—D- grade 
ia Re ae (16) 
It is easy to see that the potential distribution ¢;(t,8) within the drop is expressed as follows: 


RT D*t—D- c 
Pat, 2) = ee cee eps gt Por (17) 


where J is the potential of the region of the drop where c = Cy. 


In determination of the external electrical field of the drop we disregard ionization of the air, and there- 
fore the potential distribution ¢, (r, @) in the air must satisfy the Laplace equation 


Ags — 0. (18) 


‘he potential difference at the drop surface is assumed to be independent of the angle 5V_ which corres- 
ponds to fairly low values of adsorption, which do not cause appreciable variations of the potential differences 


2 (a, 9) — ¢, (a, 9) = dV. (19) 


* This theory can be easily extended to high concentrations of he surface-active substance, when changes of the 
potential difference along its surface, and ihe retarding effect of the surface-active substance on it should be 
taken into consideration. This case is not considered, being less interesting, as the electrical field diminishes 


upon retardation of the surface. 
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Expressing g,(a, @) with the aid of Equation (17) and assuming gyy=— 6V_ which ensures zero potential at infinity 


Paleo = 9 (20) 
we find the boundary conditions for the potential distribution in air near the drop 
22RT Deep c (a, 9) 
Marrs es Gr >. Sh teenie (21) 


We now estimate the deviations from electroneutrality within the electrolyte and at the drop surface. The 
deviation from electroneutrality within the volume, characierized by the quantity, 2% <2 ayes is easily esti- 
mated by means of the Poisson equation 


meats 4n bis 
div E, = — So oe Fe at dae (22) 
Sh ick ee ees € . i 
and hence A= 2'C Uae ee lap div Ey: 
Substitution of. the value of Ey in accordance with Equation (16) gives: 
ay) RT Dt¥—D- 8&1 peo Lh : 
saa in a mes aay. we as 1 1P  — note/lirer, 
we 4n BF? gt D* — 27D~ ¢5. a* 10 ba s / (23) 


Even if we assume that a~ 10 4cm 6c/co ~1, we have @ct—z ec ~107-'g* mole/liter i.e., Condition 


(7) holds even at every low ionic concentrations, 


To estimate the deviation from electroneutrality at the drop surface, we express jt and jin terms of 
act/drand ac -/oar only; for this, we substitute Equation (16) into Equations (2) and (3) 


Oct 


div, (L"*%) == it = Desy Or (24) 
3 hs ; Oce 
divs (1 v4) = J = Dery — (25) 
Multiplying Equation (24) by z+ and Equation (25) by z~ and subtracting the equations we have 
div, {(@l* —2zT) oj) = De; ee (2*ct — zc). (26) 


In the first approximation, assuming the solution electrically neutral (Equation (7)), we obtain Equation (8). If 
the deviation from electroneutrality in the volume is taken into account (Equation (22)), we obtain an estimate 
of the surface deviation from electroneutrality, for which we find the ratio given by Equations (26) and (24) 


a 
div [(2++ — 2-P-)»,] ar (tet — z-c7) 


zt div (I’ tv ae Fi) ’ 
( i) ag erek 
from which it follows that 
gt [+ — 2-[- r <4 
RG op. ghee ee (27) 


This justifies the method used above for evaluation of the electrical field of a drop. 


It follows from the foregoing that the electrical field of a drop should be calculated in two stages. First 
we solve Equation (10) for convective diffusion, and use Equation (20) to find the potential distribution at the 
external drop surface. We then solve the Laplace Equation (18) with boundary Conditions (20) and (21), and de- 
termine the potential distribution in the air around the falling drop. The greatest difficulties arise at the first 
stage. We formulate the dimensionless criteria; the Prandt! diffusion number Prp = v/ Degg, where v is the 
kinematic viscosity of water, and the Pe criterion, which gives the order of magnitude of the ratio of the convective 
and diffusional flows 


PS Sidtrutiea (28) 


The concentration distribution can be determined for the two limiting cases Pe << 1 and Pe >> 1. In the former 
case we can simplify the problem by neglecting the convective component of diffusion, and in the second, by 
using the theory of the diffusional boundary layer. The electrical field of the drop can be determined accordingly 
for these limiting cases. 
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CALCULATION OF THE ELECTRICAL FIELD OF A DROP WHEN Pe << 1 


Under the condition 


Pe <1 (29) 
convective transfer of ions can be disregarded relatively to diffusional transfer; therefore Equation (10) can be 
replaced by thé Laplace equation 

Ac="0). (30) 


Equation (30 must be solved in conjunction with boundary Condition (9). This gives c(r, @) to an accuracy down 
to a constant value, for determination of which we can in general use the fact that the average volume concentra~- 
tion in a moving drop must coincide with the concentration in the same drop at rest. 


Consider the problem for the case when deviations of the volume and surface concentrations from the 
average values of cq and I, are not large 
8c = Cy) —c(r, 0)<cy; (ot 
I (0)—-Iyp <T. (32) 


In view of (32), the boundary Condition (9) can be simplified, as the relative change of I'(@), which enters 
(9) under the divergence sign, may be neglected. Assuming in (9) that T'(@) ~ Ig, we have 


Eos Sale 2D ovo 
(a, 0) = 5°? cos 0, 


or I ett @ (33) 
Solution of Equation (30) with boundary Condition (33) presents no difficulty 
) 
Cn, 0) = oo(1+ = *cosd), (34) 
where 
8c hig vo Io 
COPD, Go,” (35) 
so that Condition (31) can now be written as 
Pg oot aff 
en aa 2v9 - (36) 


Substituting the value of c(a, @) calculated by means of Equation (34) into Equation (21), resolving the 
logarithm into series, and rejecting terms higher than the first order relative to 5c/cy we have 


(a 6) _ 2RT D+ — D- % Io 7 
BN) aaah Uecurcl> oD. eavae 44, (37) 

The solution of the Laplace equation in conjunction with the boundary Conditions (37) and (20) is easily 
found 


2 
ee oad, on 


Solution of the problem is much more difficult if Condition (31) does not hold. 


Without solving this problem, we reduce boundary Condition (9) to a more convenient form, which can be 
done for adsorptional equilibrium, and indicate a possible route to the solution. In adsorptional equilibrium T'(6) 
and c (a, @) must be in the same functional relationship as cy and T'g, where I'y is the equilibrium ene ata 
stationary water — air interface at molar volume concentration Cp. If the case when ion adsorption is close to 
saturation is excluded from consideration, this functional relationship can be regarded as linear 


I (8) /c(a, 9) =To/c =%, (39) 
where the constant a depends on the nature of the ionogenic substance. Expressing I'(@) in terms of c(a, 6) by 
means of Equation (39) and substituting it into Equation (9), and assuming that Vi = Vo sin @, we transform Equation 
(9) into 


dc _ Lovo ero! n20 
or % = Spi, sind 20 er remes |: (40) 
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Thus, for determination of the electrical field in this case it is first necessary to solve Equation (30) with 
the very complicated boundary condition (40). The function having thus been obtained in explicit form, Equa~ 
_tion (21) is used to determine g(a, @). It is to be expected that the boundary conditions for solution of Equation 

(18)— the function y,(a, @)— will be very complicated. 


CALCULATION OF THE ELECTRICAL FIELD OF A DROP WHEN Pe >> 1 


Under the condition 


Pe > 4 (41) 


a boundary diffusional layer is formed at the inner surface of the drop. The theory of the diffusional boundary 
layer has been developed mainly be Levich who considered, in particular, the diffusional layer formed at the ex~ 
ternal surface of a drop falling in a different liquid. In our case the diffusional boundary layer forms on the inner 
side of the drop surface, but this does not alter the problem significantly. The order of magnitude of the thickness 
of the diffusional boundary layer 5 can be found from Equation (10). 


8 = V Dal, (42) 
In reality 6 is a function of the angle 6. 


First we consider the case when Condition (31) is satisfied. Here co is taken to be the concentration within 
the drop volume, and 6c is the concentration difference between the drop surface and volume, so that 5c = cy— 
—c(a,@). The potential difference is localized in the boundary layer; we denote the constant potential in the 
drop volume by gp. For evaluation of 6c we note that when (31) applies, Equation (32) holds, and the boundary 
Condition (9) is simplified: 


29 I 
26 (a, B00 
eff 
Expressing as-—22 » we have 
2vol"od 
bcm —**_ cos 0. 
Ders a (43) 


Although 6 is a function of the angle @, we cannot solve the very complex problem involved in determination of 
this function, and therefore we estimate the order of magnitude of the right-hand side by means of Equation (42) 


bo 2 (a =| I’,cos 0. (44) 


The potential distribution on the outer drop surface can be determined by means of Equation (21), which 
is conveniently simplified, with the use of Condition (31), by resolution into series. Substitution of Equation (44) 
then gives 


RTE. Dt—D- ca—c(a,§)  2RT Dt—D- ¢ vised 
Gy sc a OE See ite eo eee eee eee 
NAB Many aire 9 jcancy es aoe F #Dt—eD-\Dyza 53) qq 0089. (45) 
We similarly find the potential distribution near the drop 
2RT ~~ Dt v a Ig a8 
r, #)= Fee Selliossacs 0 ea aee aia 
Bilry ¥) apr (Des) co Tr cos 6. (46) 


We now determine the applicability limits of these results. With the aid of Equation (44), Condition (31) 
may be written as 


Se v BTA 6 
~~ ~2 ( ® ) To 
Co Dojy @ co <i (47) 
or 
Io 4 Dery “Yo 
a <z(H) o. (48) 
Simultaneously, the Condition Pe = <p >> 1, must hold; this may be rearranged as follows with the 
aid of Equation (47) eff 
Lie 4 F avo WE 
fy oS (5) e (49) 
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If we introduce a,, determined by the equation AcVp / Deff = 1, we easily see that when a > a,, Condition 
(48) is the more rigorous, and when a < ac, Condition (49) is. Therefore, these two conditions can be replaced 
by a single condition under which they are both satisfied 


sche th (50) 


We now consider the case when the solubility of the ionogenic substance is low. This problem can be con- 
sidered quantitatively ifthe solubility of the ionogenic substance is so low that the condition directly opposite to 
( 48) is satisfied 


(51) 


The intermediate case, when 


which is the usual situation, is the most difficult to consider theoretically. 


The main simplifying factor in cohsideration of the problem when Condition (51) holds is the small value 
of adsorption on the mobile drop surface in comparison with the equilibrium adsorption Ty for the same value. of 
Cy but with a stationary water — air interface. To demonstrate this, we estimate the order of magnitude of the 
left and right-hand sides of (9) 


co—c(a, 8 Iv, 
boy eee NL 


\ a 


Division of this expression through by cg, and multiplication of the right-hand side by I')/ co, after elementary 
a ; 


transformations based on the fact that V xa / Dy, ” reduces it conveniently to the form 
Co— c (a, 9) % \e Po Fe 
Paes) : 


; Cy —c(a, 9) : Gene Nae : : ; 
Since -°—__*" _ 11 and, by Equation (51), °o (eff <1, we have finally in accordance with Condition 
(51) i: Ee Nae 

ike Co ( Pest 2 Co — (a, 0) 
7s ena Co — (52) 


If the ratio c(a, @)/cy is expressed by means of Equation (39) and (52) is taken into account, it is easily seen that 


the ratio is much less than unity 


c(a@, 6) 7 (6) Wis 
eT mas <i, (53) 


so that (52) and therefore (53) can be conveniently simplified 


T (8) c Degy" Ye 
a ~2 (2) <1 (52a) 


% 
T (0) pte eee 

Io 0 Lo 7) 
Since c(a, @)<< Cp, for determination of the concentration distribution it is first convenient to adopt the approxi- 
mate boundary condition 


ee Co: (54) 


e(a, 9) = 15 


c(a, 6) =0. (55) 


The second boundary condition must reflect the fact that at the boundary of the diffusional layer the concentra- 


tion approaches Cy. 


The approximate boundary Condition (55) makes the following calculation method possible. Levich [ 4] 
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found the concentration distribution under the same boundary conditions and at Re< 1, Pe>> 1 for the external 
diffusional boundary layer of a drop falling in another liquid 


N 
cir, Gye \ ere! 3; (56) 
v ly ie 0 3 . 
where WV = (ama ) ee — Ys y is the distance of a given point in the external diffusional 


layer from the drop surface; y=r-—a. Analysis of the original equation and of the simplifications used [4] shows 
that this result applies equally to the internal diffusional boundary layer of the drop. Indeed, the formation con- 
ditions of the diffusional boundary layer on the inner and outer sides of the mobile drop surface (if the different 
properties of the media, which are easily taken into account, are disregarded) depend only on the difference in 
the sign of the surface curvature, and on the fact that whereas the boundary conditions on the outer boundary of 
the external diffusional layer may be regarded as fixed, but the concentration in the main volume of the drop, 
which gives the boundary valve of the concentration at the inner boundary of the internal diffusional layer, re- 
quires definition ina rigid consideration of the problem. The difference in the sign of the surface curvature is 
not significant if the thickness of the diffusional layer is much less than the drop radius, as when 6 << a the 
boundary layer can be regarded as approximately flat. In the rear portion of the drop, where significant thicken- 
ing of the diffusional layer is possible, the use of boundary-layer concepts is incorrect even apart from this fac- 
tor. The concentration in the main volume of the moving drop is somewhat displaced relatively to the known 
homogeneous concentration in the same drop at rest, as both in the boundary diffusional layer as a whole and in 
the adsorption layer there may arise either an excess or a deficiency of the dissolved substance, leading to either 
a deficiency or, correspondingly, an excess of the dissolved substance in the main volume of the drop. Exact 
knowledge of the concentration distribution in the boundary layer is necessary if this effect is to be taken into 
account. However, if, as we assume, the thickness of the diffusional layer is small, the role of this effect is not 
large. 


Therefore, Formula (56) can be used for describing the concentration distribution in the inner boundary 
layer, and cy must then be interpreted as the concentration in the main volume of the drop, and y as the distance 
of a point in the inner diffusional layer from the surface; y = a-—r. The thickness of the inner diffusional layer 
is found by substitution of Formula (56) into the expression dc/dy ~ cg/4, which gives 


ee oe eee 
SN ie 14+cos® * (57) 
To find the potential distribution over the drop surface, it is necessary to determine c(a, 9). Formula 
(56) gives a zero value for c(a, 6), because Formula (56) satisfies the approximate boundary Condition (55). 
Nevertheless, Formula (56) is useful because it can be used for determining I(@), after which c(a, @) can be 
found without difficulty. For this, we write Equation (9) more fully, calcue MDs (a,@) by means of Formula 
(56) and assuming v; = Vg sin 6 


ss a = MAP ee i % pe _1+ cos 0_ 
Sint oY) = Den ( ne ° V2 080 ” 


Pr Ge fh [ V 2 (Punt Sh 1 +0080 sin odé a const | : 
m \ + cos 0 


integration then gives 


sin? 0 X% V2 
0 
Since I'(@) is finite, the integration constant is zero, and we have after integration 
2 (Peyt\* 4 —0080,--———= 
reyes ) : 
Os V 30 ( X% “o sin? 0 V2+ cos8, (58) 
and Rains with the aid of Condition (39, we also find c(a, @) 
D) D "Ve 
@(a, 0) 2 — (0) ce oe Fe. ( eff © 1 — cos @ 
(a, 9) 6 (%) V3n Io v9 Co Sin? 0 V2+ cos. + cos 0. (59) 
The potential distribution on the external side of the drop surface can now be found from Equation (21) 
RT. Die ie beg Da OO od omens 
by eee Boe co { “eff cos 
Pa ( ) FogtDt 2 =D In \ ras on Ce ( % ) ~ sin? 6 V 2+ cos' + cos 0 (60) 


To determine the potential distriubtion gg(r, @) in air it is necessary to solve Equation (18) in conjunction 
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with the boundary Conditions (60) and at infinity. Solution of this problem presents certain difficulties, not only 
because of the complexity of Equation (60), but also because this boundary condition becomes incorrect at the 
eee of the drop. Indeed, the approximate calculation method used is based on the assumption that 
Ha a 4. Comparison of Equation (59) and (51) soon shows that this assumption is valid for nearly all the drop 
surface but near the point 6 = m c(a, @) rises rapidly, and the condition is not observed. Thus, the potential dis- 
tribution on the drop surface at @ close to m remains unknown, but this region of the surface is very small, and 


the more accurately Condition (51) is satisfied, the smaller it is. 


DISCUSSION OF RESULTS 


Let us estimate the maximum electrical fields which arise because of the diffusional electrokinetic effect 
in question. To do this, we first estimate the potential difference over the drop surface; for example, the poten- 
tial difference between the poles of the drop. To carry out this estimation in the most general form, we use 
Equation (21) to find the potentials at the poles and hence their difference 


As.” — ae penis D+ — D- c(a, 7%) 
P2 = Pa (a, =) — g(a, 0) = F 2D*p2-D- "oa, 0) * (61) 
Substituting the numerical values of the parameters into (61) 
RT = 2,3-1000 ergs, Fx3-10!4 og ; {PPP 4, 
we have 
Ags = 2.534078 In Se very (62) 


c(a, 0) 
The electrical field strength at the external drop surface can be estimated very roughly as the potential difference 
divided by the drop radius : 
Age 2:10-? ) o (a, m) 

2 a a c(a, 0) 
If the adsorbed substance is highly soluble, when Condition (36) is satisfied, the logarithmic term in Equation (51) 
is much less than unity, as in this case, in accordance with (47), c(a, 0)—c(a, 1) << Cg; at low solubilities, when 
Condition (51) is satisfied, the logarithmic term becomes of the order of unity or even somewhat greater, There- 
fore with decrease of the solubility of the adsorbed substance, or more accurately with increase of the ratio ['y/co, 
and with the other factors constant, the electrical field of the drop increases and reaches values of 


volts *cm™7! (63) 


E, ~10/a volts+cm7! 
when Condition (51) begins to be satisfied. 


Thus, the effect in question produces an electrical field of the order of 100 v/cm for drops a few microns 
in size. Therefore, the magnitude of the electrical field due to the diffusional electrokinetic effect is in a num- 
ber of instances comparable, for example, with that of a field caused by the effects considered by G. L. Natanson. 
More detailed consideration of this question is premature at present, as the calculated values of the electrical 
field may be decreased somewhat by partial retardation of the drop surface, which was not taken into considera~- 
tion here. It must be pointed out that osmotic retardation of the surface, associated with the drop of surface ten- 
sion over the surface, is negligible in a number of cases. The magnitude of the electrical field depends on the 
ratio I'y/cp and not on adsorption. This ratio, and hence the electrical field, can be large at a quite negligible 
value of absolute adsorption, when there is virtually no osmotic retardation, Apart from osmotic retardation, 
which may be disregarded in a number of cases, there should a'so be electrical retardation, with the following 
mechanism. As was noted at the beginning of this paper, the direct cause of the formation of an electrical field 
during the motion of a drop surface lies in local deviations of the surface from electroneutrality. Consideration 
of the action of the trangential component of the electrical field on these unbalanced charges readily shows that 
these forces tend to retard the motion of the surface and consequently to decrease the effect in question. The 
corrections necessary to take this effect into account will be considered in a future paper. 


Electrical fields of the order of 100 v/cm near drop surfaces may influence deposition of particles about 1p 
in size on the drops. This is easily shown by means of our proposed calculation method [5], according to which 
the flow of particles onto a moving drop is proportional to the normal component of the particle velocity at the 
surface. For particles of the order of 1p the velocity in an electrical field of about 100 v/cm is close to the 
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sedimentation velocity. Therefore, the electrical field may have an appreciable influence on the settling of 
such particles onto a falling drop. 


This effect may also be of interest because the derived formulas can be used for calculating ion adsorption 
from measurements of the potential of falling drops. Since the magnitude of the electrical field depends on the 
ratio I"y/Cg and not on the absolute value of the adsorption, this method can be used for determining very low 
adsorptions, which cannot be studied by any other methods. 


SUMMARY 


1. The theory of a diffusional electrokinetic effect for a drop, arising in the motion of the drop surface, 
is presented. 


2. Calculations for drops of not very large size, the fall of which is characterized by Reynolds numbers 
less than unity show that this effect can give rise to electrical fields up to 100 v/cm. Although electrification of 
drops as the result of effeéts the mechanism of which has been studied by G. L. Natanson may give rise to strong 
electrical fields, the effect in question must be taken into consideration for the usual fractions of nearly or totally 
electroneutral drops. 


8. The diffusional electrokinetic effect offers unique opportunities for studying extremely weak adsorption. 
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RELATIONSHIP BETWEEN THE STRUCTURE OF EMULSIFIERS OF THE ALKYL ARYL 
SULFONATE TYPE AND THE POLYMERIZATION OF UNSATURATED COMPOUNDS 


5. COLLOIDOCHEMICAL PROPERTIES OF SODIUM ALKYL ARYL SULFONATES 


M. G. Zimina and N. P. Apukhtina 


Alkaline alkyl aryl sulfonates are widely used as emulsifiers in the production of synthetic rubbers by the 
emulsion process [1]. Considerable interest therefore attaches to more detailed studies of the colloidochemical 
properties of individual alkyl aryl sulfonates in relation to their effects on the mechanism of emulsion polymeri- 
zation. 


In an earlier investigation we studied the effect of the number of alkyl groups on the solubilization of 
monomers [2]. It was found that the solubilization of hydrocarbons increases in the series from mono- to tri- 
butylaryl sulfonates. The following were determined in the present investigation: surface tension of aqueous 
solutions of sodium alkyl aryl sulfonates, their micellar weights, and the solubilization of a-methylstyrene in 
aqueous solutions of these emulsifiers. 


Studies of emulsifier properties are of considerable interest because emulsifier structure influences not 
only the colloidochemical role of an emulsifier in the polymerization process, but also, to a certain extent, the 
participation of the emulsifier in the chemical reactions associated with monomer polymerization, as will be 
shown in the next communication. 


Emulsifiers. Sodium alkylbenzene and alkylnaphthalene sulfonates were synthesized, containing alkyl 
chains of 4 to 6 carbon atoms, and with different numbers of such groups. The individual emulsifiers were general- 
ly made by alkylation of benzene or naphthalene by olefine obtained as by-products of synthetic-rubber pro- 
duction: pseudobutylene, [3], amylene, and hexylene, in presence of sulfuric acid. In the alkylation of aromatic 
compounds by these olefins the structure of the alkyl radical may be secondary or tertiary. It is known that in the 
alkylation of aromatic compounds by butylene with the double bond at the first or second carbon atom the com- 
pounds formed have only a secondary structure of the alkyl group attached to the aromatic nucleus [4]. Moreover, 
it is well known that most tertiary dialkyl derivatives of benzene and naphthalene are crystalline products with 
relatively high melting points. In our experiments alkylation always yielded liquids which as a rule had the con- 
stants of secondary alkyl aryl compounds. Di (tert-butyl) benzene was prepared by alkylation of benzene by 
isobutylene in presence of sulfuric acid. Di (n-butyl) benzene was prepared from n-dibromobenzene and n-butyl 
chloride in presence of metallic sodium [5]. 


The position of the alkyl groups was determined by oxidation of the alkylation products (apart from the 
dialkylnaphthalene derivatives) with nitric acid, yielding the corresponding carboxylic acids. Oxidation of di- 
butylbenzene gave terephthalic acid, the butyl groups being in the 1,4 positions [3]. Sulfonation of the alkyl 
derivatives by concentrated sulfuric acid gave the corresponding sulfonic acids, which were converted into the 
sodium salts by neutralization with caustic soda. The purity of the recrystallized emulsifiers was checked by 
determinations of their sulfur contents. 


The butyl, amyl, and hexyl derivatives of benzene are designated as BB, AB, and HB, and the corresponding 
naphthalene derivatives as BN, AN, and HN respectively; the number of alkyl groups is indicated by the prefixes 
mono-, di-, and tri-. For example, sodium di (sec-amyl) naphthalene sulfonate is designated as di-sec-AN. 
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Emulsifier concentration, M 102 


Fig. 1, Surface tension of aqueous solutions of secondary alkylbenzene 
sulfonates: 


a): 1) mono-BB; 2) mono-AB; 3) mono-HB; 4) di-BB; 5) di-AB; 6) 
di-HB; b) 1) mono-BB; 2) di-BB; 3) tri-BB. 


1§ 20 


0 RI of” 
Emulsifier concentration Mel 


Fig. 2. Surface tension of aqueous solutions of secondary alkylnaphthalene sulfo- 
nates: 


a): 1) di-BN; 2) di-AN; 3) di-HN; b): 1) mono-BN; 2) mono-AN; 3) mono-HN. 


Technical a-methylstyrene was treated with 5% aqueous alkali solution to remove stabilizer, washed with 
water, dried over calcium chloride, and distilled. The fraction of b. p. 162-163°; ny 1.5390 was collected. 


Surface tension of aqueous emulsifier solutions was determined by the method of maximum bubble or drop 
pressure, developed by Rebinder and Taubman [6], at 20°. It was found that the surface tension is influenced by 
the number of alkyl groups attached to the aromatic nucleus in the emulsifier, by the length of the alkyl radical, 
and by the structural isomerism. The data in Fig. 1 show that the surface tension of aqueous emulsifier solutions 
decreases regularly with increase of the length of the alkyl radical and with the number of alkyl groups in the 
emulsifier molecule, The surface -tension curves of these emulsifiers are characteristic of typical surface-active 
substances: the greatest lowering of surface tension is observed at low concentrations, and with further increase 
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of emulsifier concentration the rate of change of sur- 
face tension is sharply retarded and the curve usually 
becomes almost parallel to the abscissa axis. The o 
concentration curves for all di (sec-alkyl) derivatives 
of the naphthalene series (Fig. 2,a) and for all the ben- 
zene derivatives (with the exception of mono~-sec-HB) 
(Fig. 1,a) belong to type I, in McBain's terminology 
[7]. 


The surface tension — concentration curves for 
all mono derivatives of the naphthalene series (Fig. 2,b) 
and for sodium monohexylbenzene sulfonate (Fig. 1, a) 
belong to type III [7]; each passes through a minimum. 
The surface tension in solutions of these emulsifiers 
first falls very sharply with increase of concentration, 
passes through a minimum, then increases appreciably, 
and only after this the curve gradually flattens out (Fig. 
2,b). Similar variations of surface tension with concen- 
tration have been reported by other workers [8]. Alexander 
[9] suggested that the minimum on these curves approxi - 
mately corresponds to the concentration at which micelles 
begin to form, known as the critical concentration of 
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Fig. 3. Surface tension of aqueous solutions micelle formation (CCM). Micelle formation lowers the 
of alkylbenzene sulfonates: volume concentration of individual surface -active mole- 
1) di-n-BB; 2) di-sec-BB; 3) di-tert-BB. cules, and the micelles can be considered as a second 


dissolved component in the system. Alexander therefore 
suggests that surface activity is determined by individual molecules rather than by micelles [10]. 


Other workers have suggested that the minima on the curves are caused by the presence of admixtures of 
high-molecular surface-active substances [11]. However, neither our experiments nor the observations of other 
workers [12] confirm this hypothesis. Thus, at the present time there is no single scientific explanation of the 
differences between the o — c (where c is the concentration) curves for different groups of surface-active substances. 


The isomerism of the alkyl radical has a strong influence on the surface tension (Fig. 3). The emulsifier 
with the most branched (tertiary) radical has the highest surface activity. Surface tension decreases in the series 
di-BB > di-sec-BB > di-tert-BB. 


The lowest surface tension is found in presence of the tertiary derivative. The surface tensions of solutions 
containing emulsifiers with normal and secondary butyl groups respectively are fairly similar. Baumgartner [13], 
who studied variations of detergent properties with the molecular structure of dodecylbenzenesulfonic acids with 
the benzene ring in different positions in the alkyl chain, also found that the surface tension decreases as the ben- 
zene ring approaches the center of the alkyl chain, i. e., that surface activity increases with branching of the 
alkyl radical. In our opinion, variations in surface tension must be primarily correlated with characteristics of 
micelle formation, which depend on the emulsifier structure. 


It is known that electrolytes have a considerable influence on the surface activity of emulsifiers. Fig. 4 
shows that univalent cations form the following lyotropic series in order of their influence on the surface tension 
of dialkyl aryl derivatives in solution; K* > Na+>Li*. These cations influence surface tension in the same 
se quence when they are present as salts of dibutylnaphthalenesulfonic acids [3]. 


Solubilization of a-methylstyrene was determined by Yurzhenko's refractometric method [14]. Despite the 
fact that this method involves certain difficulties, we [3] and other workers [15] have shown that it can be used 
for comparative evaluation of the solubilizing power of different emulsifiers. 


It is known that solubilization of oleophilic substances in aqueous solutions of colloidal electrolytes depends 
on the molecular weight and molecular structure of the surface-active agent, the nature of the solute, electrolyte 


additions, and other factors. 
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Electrolyte concentration g- equiv/liter* 10? 


Fig. 4. Effect of electrolytes on the surface tension of aqueous 
solutions of dialkylbenzene sulfonates: 

a) 0.2% solution of di-sec-AB; 1) LiCl; 2) NaCl; 3) KCl; b) 
1% solutions of; 1) di-n-BB; 2) di-sec-BB; 3) di-tert-BB; NaCl 
electrolyte. 


Solubilization of a-methyl- 
styrene, vol. % 


Emulsifier concentration, M°* 10? 


Fig. 5. Solubilization of a-methylstyrene in aqueous solutions of: 

a) secondary alkylbenzene sulfonates: 1) mono-AB; 2) mono-HB; 3) 
di-AB; 4) di-HB; b) secondary alkylnaphthalene sulfonates: 1) mono- 
BN; 2) mono-AN;’' 3) mono-HN; 4) di-BN; 5) di-AN; 6) di-HN. 


We studied the effect of the length of the alkyl radical in alkylbenzene sulfonates, and of isomerism of the 
radicals, on the solubilization of a-methylstyrene at different emulsifier concentrations. As a rule, increase of 
the emulsifier concentration in aqueous solution increases solubilization of hydrocarbons. Yurzhenko et al, [14], 
who studied solubilization of monomers in aqueous emulsifier solutions in relation to the mechanism of emulsion 
polymerization, and McBain et al. [16], found for certain hydrocarbons that solubilization in aqueous sodium and 
potassium oleate solutions is a linear function of the emulsifier concentration. Other workers [17] do not consider 
that the relationship between the amount of hydrocarbon dissolved and the concentration of colloidal electrolyte in 
solution is linear. It has also been reported that for certain synthetic soaplike substances the curve for micellar 
solubility as a function of concentration passes through a minimum [18]. We plotted solubilization (in volume 
percentages) against the emulsifier concentration (in moles/liter) and found that the amount of hydrocarbon dis- 
solved rises with the concentration of colloidal electrolyte (Fig. 5, a and 5,b). 


If solubilization is expressed in moles of a-methylstyrene per mole of emulsifier, a different relationship 
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Fig. 6. Solubilization of a-methylstyrene in aqueous solutions of: 

a) secondary alkylbenzene sulfonates: 1) mono-AB; 2) mono-HB; 3) 
di-BB; 4) di-AB; 5) di-HB; b) secondary alkylnaphthalene sulfo- 
nates: 1) mono-BN; 2) mono-AN; 3) mono-HN; 4) di-BN; 5) di- 
AN; 6) di-HN; c) dibutylbenzene sulfonates: 1) di-n-BB; 2) di-sec- 


BB; 3) di-tert-BB. 


Solubilization of a-methylstyrene, vol. % 


; 5 2 
Na,SO, concentration, g-equiv/liter +10 


Fig. 7. Solubilization of a-methyl- 
styrene in aqueous solutions of secondary 
alkyl aryl sulfonates: 

1) di-BB; 2) di-AB; 3) di-HB; 4) mono- 
BN; 5) mono-AN; 6) mono-HN; 1) di- 
BN; 8) di-HN. 


Values of Micellar Weights and CCM of Emulsifiers 
Studied 


Micellar 
weight 


Degree of 
micelliza- 
tion 


Emulsifiers 


1 Mono -sec-BB 10000 

2 | Di-sec-BB 30000 103 
3 Tri-sec-BB 125000 359 
4 Di-n-BB 18200 62 
5 | Tri-tert-BB 28500 96 
6 | Mono-sec-AB| 317500 151 


is found between hydrocarbon solubility and emulsifier 
concentration (Fig. 6). With emulsifiers based on ben- 
zene and naphthalene and containing one alkyl group 
in the molecule, the solubilization of a-methylstyrene 
rises linearly with the emulsifier concentration, the 
rise being somewhat steeper with mono-AN and mono- 
HN. Solubilization increases even more steeply (Fig. 
6,a) in presence of dialkylbenzene sulfonates. A sim- 
ilar dependence of solubilization, expressed in moles 
of solute: per mole of emulsifier, was also found in pre-_ 
sence of di-AN. The solubilization curve in presence 
of di-HN passes through a maximum (Fig. 6,b). This 
suggests that the relationship between solubilization 


and concentration depends mainly on changes in the character of micellar structure with increase of emulsifier 


concentration [18]. 


With regard to the influence of the number of butyl groups in the emulsifier molecule on the solubilization 
of a-methylstyrene, it was shown earlier [3] that solubilization increases with increasing number of butyl groups. 


There have been no systematic studies of the effect of the length of the alkyl radical (attached to the aro- 
matic nucleus) on solubilization. There are data on the influence of the alkyl chain length in emulsifiers on the 
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solubilization or Orange OT [16], DAB (dimethylaminoazobenzene) [19], and alcohols of different chain lengths 
[17]. However, these investigations were performed only with sodium and potassium soaps of fatty acids. The 
solubilization of Sudan III in aqueous solutions of dioctyl and dihexyl esters of sodium sulfosuccinates has also 
been determined [14]. 


It is clear from Fig. 5, a and 5,b that solubilization increases with the length of the alkyl radical in the 
emulsifier; this is probably associated with the micellar weight of the emulsifiers, as increase in the weight of 
the hydrocarbon radical in surface-active substances belonging to the same homologous series incereases their 
tendency to micelle formation [20]. 


Investigations of the effect of the structure of the butyl radical in emulsifiers of the benzene series on the 
solubilization of a-methylstyrene showed that solubilization was greatest with the most branched (tertiary) radi- 
cal, i. e., that solubilization increases in the transition from normal to tertiary structure (Fig. 6,c). Winsor [21] 
observed a similar influence of isomerism in emulsifiers on the solubilization of organic compounds in his studies 
of the solubility of cyclohexane in solutions of isomeric sodium tetradecyl sulfates. He studied sulfates with 
hydrocarbon chains with both normal and secondary structure and found that solubilization increases as the 
SO,4Na group moves nearer the center of the chain, i. e., as branching increases. 


Electrolytes are known to increase monomer solubilization [3, 14]. We found that in presence of sodium 
sulfate, in the concentration range studied (from 2 to 10: 10 g-equiv/liter), solubilization is increased in the 
series of monosubstituted naphthalene sulfonates (Fig. 7). The solubilization curves for dialkyl aryl derivatives 
pass through maxima, which are more pronounced and are found at lower electrolyte concentrations for the higher 
alkyl derivatives. 


It is well known that electrolyte additions increase the micellar weight and therefore solubilization of 
monomers. However, we found that electrolytes increase solubilization only up to certain limiting concentrations: 
further increases of mineral-salt concentrations decrease solubilization owing to the salting-out effect (Fig. 7, 
Curves 2, 3, 8). 


Micellar weight and critical concentration*. The critical concentrations of micelle formation (CCM) and 
molecular weights were determined by the Debye light-scattering method [20]. The calculation is based on the 
expression: Hc/A r = 1/M + 2Bc, where M is the micellar weight, c is the solution concentration in grams per 
ml, H is a constant which depends on the refractive indices of the solution and solvent; B is a constant which 
takes into account deviations from the laws of ideal solutions. 


The values found for the micellar weights and CCM of the emulsifiers studied are given in the Table. 


These results show that the micellar weight increases with increase in the number of butyl groups in the 
emulsifier. Yurzhenko et al. [14] determined the micellar weight of an emulsifier consisting of a mixture of the 
three compounds (Nos.1, 2, 3), and found it to be 66,600. The isomerism of the butyl group also influences 
micelle formation (see table); the micellar weight increases with increased branching of the butyl radical. The 
lowest micellar weight was found for sodium di (n-butyl) benzene sulfonate (di-n-BB). The micellar weight in- 
creases with the length of the alkyl chain. CCM varies in inverse proportion to the micellar weight. 


SUMMARY 


1, Twelve ingividual sodium alkylbenzene and alkylnaphthalene sulfonates with different numbers of alkyl 
groups of different lengths, and three isomeric sodium dibutylbenzene sulfonates differing in the structure of their 
butyl groups, were synthesized. : 


2. The surface tension of aqueous solutions of these alkyl aryl sulfonates decreases regularly with increases 
in the number and length of the alkyl groups. Surface activity depends on the isomerism of the butyl group, and 
increases with branching of the hydrocarbon chain. 


3. Solubilization of a-methylstyrene increases with the length of the alkyl chain attached to the aromatic 
nucleus of the emulsifier molecule. 


* Micellar weights were determined in the Department of Physical Chemistry, the L'vov State University, under 
the guidance of Assistant Professor R. V. Kucher. 
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4. The effect of isomerism in butylbenzene sulfonates on the solubilization of a-methylstyrene has been 
studied. The emulsifier with tertiary butyl groups produced the greatest solubilization in solution, and the 
emulsifier with normal butyl groups, the least. 


5. ne micellar weights of a number of alkyl aryl sulfonates have been determined by the light-scattering 
method. It is shown that the micellar weight increases with the number of butyl groups in the molecule and with 
their degree of branching. 


The S. V. Lebedev Scientific Research Institute Received May 23, 1957 
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THE DISPERSING ACTION OF CAVITATION 


Be B. Kudryavtsev 


Many different kinds of emulsions are widely used in various branches of the national economy [1], and 
therefore efficient methods for the production of emulsions are of undoubted interest. The use of sonic and ultra- 
sonic vibrations for the production of emulsions has been advocated repeatedly in recent years [2-4]. It has been 
reported that emulsions made by means of sonic or ultrasonic vibrations have high and uniform dispersity. Al- 
though the mechanism of sonic emulsification cannot be regarded as fully understood, there is no doubt that in 
most cases the main role is played by intensive cavitation [5] arising in the liquid during propagation of the sonic 
waves. If this hypothesis is correct, it should be possible to emulsify liquids by a much simpler method, because 
intensive cavitation in-a liquid may be produced without the use of relatively complex sonic equipment. 


The simplest method for producing cavitation is 
probably by means of a jet of superheated steam passed 
: into the liquid through a fine nozzle. The cavitation 
Y which results from this is accompanied by many of the 
nn effects which occur in the propagation of intensive 
ultrasonic vibration [6, 7]. It must be noted, however, 
that according to most recent work [8], the chemical 
changes induced by ultrasonic cavitation do not occur 
when cavitation is produced by means of a jet of super- 
heated steam. In order to study the dispersing action 
of cavitation which occurs when a jet of superheated 
steam is passed into a liqiid, we studied the emulsifi- 
cation of transformer oil added to water by this method. 
The experiments were performed in an apparatus (Fig. 
1) similar to the type of vessel sometimes used as a 
thermostat in determinations of the melting points of 
organic compounds. About 15 ml of water was put into 
the vessel, and a drop of transformer oil ( ~ 0.3 ml) 
was floated on its surface. Steam under about 0.2 
atmos excess pressure was supplied through a glass nozzle fixed in the bung, with different diameters in different 
experiments. The apparatus was cooled in a mixture of water and ice. The jet of steam caused rapid emulsifica- 
tion, together with circulation of the liquid which assisted its cooling. By the end of the experiment, which usual- 
ly lasted about 30 seconds, the temperature of the liquid rose from about 5 to 40° as the result of steam condensa- 
tion. The emulsions were photographed at x 600 magnification, and size distribution curves were plotted, based 


on the results of analysis of the photographs. 


Fig. 1. Apparatus for emulsifi- 
cation of oil in water. 


Fig. 2 shows size -distribution curves of oil droplets in emulsions made with nozzles of different diameters. 
The nozzle diameters ranged from 0.6 to 1.3 mm, while the amount of condensed steam was kept approximately 
constant. It is clear from the curves in Fig. 2 that the nozzle diameter plays a subordinate role, since the distri- 
bution curves differ little from each other. The distribution curves for 1.0, 1.1, and 1.3 mm nozzles almost coin- 
cide. 

Stabilizers were not used in emulsification of the oil, and therefore the emulsions separated out after 24 
hours. The upper layer consisted of partially enlarged oil droplets in very close proximity to each other; the 
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Emulsion 


Fig. 3. Apparatus for multistage emulsification of 
= oil in water. 
a 10 7, 
Fig. 2. Size-distribution 
curves of oil droplets in 
emulsions formed by the 
passage. of steam through 
nozzles of the following 
diameters: 
1) 0.6 mm; 2) 0.8 mm; 
8) 1mm; 4) 1.1 mm; 5) 
1.3 mm. 


lower layer contained numerous very fine oil droplets, 
with occasional droplets down to 5y in diameter. This 
naturally raised the question of a repeated subdivision 
of the emulsion; this question could not be studied by 
means of the apparatus described because of the in- 
crease in the liquid volume as the result of steam con- 
densation. The steam nozzle became immersed deep- 
ly in the liquid, so that there was considerable conden - 
sation of steam in the nozzle itself. The apparatus 
shown schematically in Fig. 3 was therefore constructed. 
The oil to be dispersed and the water entered the first emulsification vessel through separate tubes; superheated 
steam from a boiler under ~ 0.2 atmos excess pressure entered the same vessel through a nozzle with an orifice 

of about 1.0mm. The coarse emulsion which formed flowed by gravity into a vessel attached to the emulsifica- 
tion vessel and fitted with an overflow tube. The emulsion flowed through this overflow tube from the 
first emulsification vessel into a second emulsification vessel, provided with the same type of superheated - 
steam nozzle as the first. The emulsion after the second subdivision again flowed by gravity into a third emulsi- 
fication vessel of the same design as the second. The number of these vessels could be increased at will. The 
supply of oil, water, and steam was regulated by a system of valves. In the experiments described below the orig- 
inal temperature of the oil and water was 18°; the temperature rose as the result of steam condensation to 28° in 
the first overflow vessel, to 38° in the second, and to 48° in the third. Special cooling was not used. The temper- 
ature rise indicated that the steam consumption in emulsification was approximately 16-18 g per kg of emulsion 
in each vessel. 


Fig, 4, Microphotographs of emulsion samples after single (a), aoabie (b), 
and treble (c) subdivision, 
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Fig. 4 shows microphotographs of emulsion 

Wat 170 samples taken from the first, second, and third over- 
Meet fs ’ flow vessels. It is seen that repeated subdivision in- 
creases the dispersity and homogeneity of the emul- 
sions. The latter is clearly demonstrated*by the dis- 
tribution curves (Fig. 5) based on analysis of the micro- 
photographs. Repeated subdivision not only lowers the 
average droplet size but makes the emulsion more 
nearly monodisperse. After threefold subdivision only 
a small proportion of the total number of particles ex- 
ceeded 5y in diameter. The very high efficiency of 
cavitational subdivision should be noted; emulsifica- 
tion was complete within a fraction of a minute. 
Among other advantages of this method are simplicity 
of design and absence of moving parts in the emulsifi- 
cation apparatus. 


IN 
cr 
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Fig. 5. Size distribution curves 
for droplets in an emulsion af- 
ter single (a), double (b), and 
treble (c) subdivision. 


It was desired to study the possibility of cavita- 
tional dispersion of certain solids, including dyes used 
industrially in the form of highly disperse suspensions. 
A paste of Bright Violet vat dye (0.5 g) containing 
~ 24% solid was taken, mixed with3 ml of water, and 
treated in the first type of apparatus. Complete dispersion of all the dye could not be achieved in these experi - 
ments, and a part of the solid settled out. The colloidal solution formed as the result of this dispersion retained 
its coloristic properties for a long time (over a week) without change. A disadvantage of this dispersion method 
is the considerable dilution of the dispersed substance with water. 


From the results of this investigation it may be concluded that in most cases in which sonic emulsification 
methods are recommended at present the simpler cavitational method described above may be used with success. 
It should be stressed once again that the equipment is exceptionally simple and operating costs are low. 


SUMMARY 


1. The dispersing effect of cavitation produced when a jet of superheated steam is passed into water was 
investigated. Transformer oil is dispersed within a fraction of a minute by this method. 


2. A simple apparatus has been designed for multistage dispersion of liqiids, which yields finely dispersed 
and homogeneous emulsions. 


3. Cavitation also has a dispersing effect on solids such as organic dyes, in which cohesion forces between 
the particles are not large. 


The Moscow Regional Pedagogic Institute Received November 28, 1957 
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PROPERTIES OF THE PRODUCTS FORMED BY "MELTING OUT® OF PROTEINS FROM 
THE DERMA OF ANIMAL HIDES : 


VerA Kwee in 


The "melting out” method proposed by Kiintzel [1] is sometimes used for characterization of derma pro- 
teins from animal hides and for studies of their changes under various chemical, physical, and enzymatic in- 
fluences. The properties of derma proteins are estimated from their ability to pass into solution when pieces of 
hide are heated in water at the shrinkage temperature. 


It was found in subsequent investigations that the amounts "melted out” depend on the temperature used 
for the process, the pH-of the bath, the amounts and nature of the salts dissolved in the bath or adsorbed by the 
hide, the degree of shredding of the hide, the solution time, the volume ratio of water to material, and other 
experimental conditions. Since the amount “melted out” at 65° does not exceed 2-3%, attempts have been made 
to "melt out” proteins at higher temperatures [2, 3], or to use enzymes which accelerate the dissolution of the 
proteins. Galina [3] studied the solubility of derma proteins at 95°. At this temperature the amount of proteins 
dissolved from raw hides was 6.6%, and from hides limed for 12 days, 10.4%. 


Higher "melting out” temperatures were not used in this or other investigations. No work has been publish- 
ed on the properties of the proteins which pass into solution when hides are heated in water. Neither have any 
methods been worked out for complete solution of derma proteins, although such a method would provide new 
ways for investigating the properties of proteins and their variations under various influences, and which would 
make it possible to effect radical changes in glue and gelatin production which, as is known, involves a lengthy 
multistage extraction process, with liqiiors of low concentration, and the extraction of proteins is incomplete. 


PARDEE sh 


Effect of "Melting Out" Conditions on Protein Properties 


Results of formol | Specific viscosity of so- 
titrations in ml of} lutions (conc. in g/100ml) 
0.1 N NaOH per g 
protein 


Nitrogen content 
calculated as % 
on bone-dry pro- 
tein 


Conditions of autoclave treatment 


temperature, 
(ini-C) 


duration, pressure, 
hours atmos 


0,5 


The present investigation consisted of a study of the “melting out of derma proteins under various condi - 
tions of autoclave treatment, and of the properties of the products "melted out.” 


TABLE: 2 


Analytical Data on Proteins from Hides Treated in Lime Suspensions 


Liming time, days Photo- 


graphic 


14,3.) 14,6 }.14,2-) 15,21.14,4 (19,3 | 12,2) 13,0) 1455 
OFS Oe ale Opt 0,3} 0,3] 0,2 ps) ee ry 3,0 


Characteristics 


Moisture, % 

Ash, % on bone -dry subs, 

Total nitrogen, % on bone-dry 
subs. 

Amino nitrogen, % of total 
nitrogen 

Specific viscosity of solutions 


17,9)-17,8 1275. | 19,8) 27,0727,9 \ 16,9) 16,4) Mio 


20 eayOr sO 2,0.) °2,0:) 2,0 3,7] 3,6 2,7 


0,26] 0,26] 0,23 | 0,39] 0,36 | 0,34 | 0,49) 0,39} 0,52 
0,11} 0,10} 0,10 | 0,18] 0,16] 0,15 | 0,25) 0,20} 0,27 
0,03) 0,03] 0,02 | 0,06] 0,05] 0,05 | 0,10) 0,08] 0,12 


Concentration 1,0g/100 ml 

% 0,5 g/100 ml 

” 0,2 ¢/100 ml 

Axial ratio of protein particles, 
b/a 
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x 
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2 2years 


Liming time 


Effect of liming time on the specific viscosity of “melted out" products: 
concentrations: 1) 1.0; 2) 0.5; 3) 0.2.g protein per 100 ml solution. 


Tongur [4] showed that the tendency of proteins to undergo heat denaturation increases in presence of 
oxygen, and we therefore carried out the process in an atmosphere of nitrogen containing 0.5% oxygen. Nitrogen 
was blown through the autoclave before the treatment. The protein material was first cut on a disk machine to a 
thickness of 0.5-1.0 mm. The temperature in the autoclave was measured by means of a Constantan — copper 
thermocouple. The pressure was measured by means of a manometer. In each experiment 100-150 g of raw or 
limed hide was put into a porcelain beaker and covered completely with a small amount of distilled water. The 
beaker was put into the autoclave, previously heated to 95-100°. The autoclave temperature was then raised to 
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TABLE 8 


Analytical Data on Proteins From Hides Treated For Three Days In Sodium Sulfide Solutions 


Sodium sulfide concentration 


Characteristics Raw hide. 


Moisture, % 
Ash, % on bone-dry subs. 
Total nitrogen, % on bone-dry 
subs. 
Amino nitrogen, % of total 
nitrogen 
Specific viscosity of solutions 
Concentration 1,0 g/100 ml 
" 0,5 g/100 ml 
m 0,2 g/100 ml 
Axial ratio of protein particles, 
b/a 


TABLE 4 


Analytical Data on Proteins From Hides Treated With Sodium Sulfide Solution Containing 3.9 g/ liter 


Treatment time, hours 


Characteristics Raw : 
Moisture, % 11.6 15.1 13.8 | 14.7 14,5 14,7 
Ash, % on bone-dry subs. ea ee 0.02 0. 02 0.1 0.1 0.1 
Total nitrogen, % on bone-dry subs, 17.9 et UE Ps fed te Lit 17.7 
Amino nitrogen, % of total nitrogen Deo 2.4 2.4 22 Zl 2.9 
Specific viscosity of protein solutions 
Concentration 1.0 g/100 ml 0.27 0.32 0.24 | 0.28 0.32 0.24 
0.5 g/100 ml 0.11 0.14 0.10 | 0.12 0.13 0.10 
0.2 g/100 ml 0.03 0.04 0.03 | 0,04 0.04 0.03 
Axial ratio of protein particles, b/a 10 13 13 13 13 13 


120-125°. When 1.0-1.5 hours had passed after the required temperature had been reached, the autoclave was 
cooled to 90-95°, the nitrogen was released, and the beaker with the protein removed. 


To investigate the effects of different alkalies used for liming of hides in the leather industry on the pro- 
perties of the "melted out™ products, three raw cowhides weighing 30-35 kg were taken. The backs of these 
hides were cut into 3 x 12 cm strips. These strips were grouped into asymmetrical fringes. Each group consisted 
of ten strips. The cut raw hides were preserved by the pickling method and stored in a cool building. 


The properties of the products "melted out" of hides limed in lime suspensions, in sodium sulfide, and in 
caustic soda were studied. The liming time and concentrations were varied over wide limits. 


After the liming the material was split, deashed (neutralized), dried with acetone free from aldehydes, cut 
on a disk machine, electrodialyzed, and treated in the autoclave. The dissolved proteins were precipitated and 
dried by means of acetone. The acetone was evaporated out of the proteins in a fan drier. The proteins could be 


kept for a long time in the dried state. 


The protein preparations were analyzed for moisture, ash, total and amino nitrogen; the solution viscosity 
and asymmetry of the protein molecules were determined. Total nitrogen was determined by the Kjeldahl method, 
and amino nitrogen by titration of protein solutions in presence of formaldehyde. 
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In formol titration by the indicator method it is very difficult to obtain a distinct end point. Therefore, 
some fairly successful attempts have recently been made to replace the indicator method by a potentiometric 
method. Dunn [5] and Borsook [6] used a glass electrode. The end point was established separately for each 
different material. Voitsekhovskii ['7] recommended the use of a simplified potentiometric circuit with platinum 
and calomel electrodes. We used the MOSKIP*tube potentiometer with a glass electrode. The end point in the 
titration was determined from a differential curve plotted in [AE/AV; V] coordinates, where AE/AV is the change 
of potential in millivolts per unit volume of alkali, and V is the volume of standard alkali solution added to the 
mixture. The inflection point in the curve was taken as the end point. The standard alkali solution was added 
from a microburet. The formaldehyde was previously neutralized by magnesium carbonate. 


To 20 ml of protein solution containing 1 g per 100 ml in a 50 ml measuring flask 20 ml of neutralized 
commercial formalin was added. The volume was made up to the mark with distilled water, and the mixture 
was poured into a glass beaker for titration. The solution was stirred after each addition of alkali. The readings 
of the potentiometer rheochord were taken one minute after each addition of the standard alkali solution. 20 ml 
of the formalin solution was titrated under the same conditions in a blank experiment. The volume of alkali used 
in the blank experiment was subtracted from the volume used for titration of the protein solution. The amino 
nitrogen was then calculated as a percentage of the total nitrogen. 


The specific viscosity of the solutions was measured by means of an Ostwald viscosimeter at 40 + 1°. 
The solutions measured had concentrations of 1.0, 0.5, and 0.2 g per 100 ml. The efflux time of water through 
the capillary was 57 seconds; the capillary length was 170 mm; the volume of the viscosimeter buib was 2.5 cc. 


The protein concentration was determined colorimetrically by the biuret reaction. Kel’zon [8] showed that 
when total nitrogen is determined by this method the average relative deviations of the results from those given by 
the Kjeldahl method are 1.97-3%. From the filtered solution 10 ml was taken by means of a pipet and transferred 
to a 200 ml measuring flask, The solution in the measuring flask was diluted with a tenfold volume of distilled 
water, and 2 ml of saturated copper sulfate solution and 20 ml of 33% caustic soda were added. The solution in 
the measuring flask was then made up to the mark and filtered through paper. The intensity of the violet color 
of the filtrate was estimated by means of the MOSKIP photocolorimeter. 


Since the viscosity is very much influenced by the solution pH, the determinations were always performed 
in the range pH 6.15-6.85. 


The specific viscosity data for dilute solutions were used to calculate the intrinsic viscosity coefficient K 
from the equation [9] 


K =lim/ “sp 
co (0) ’ 


where K is the intrinsic viscosity coefficient; c is the concentration; yg is the partial specific volume of the 
protein, taken as 0.75; i. e., it was assumed that the protein molecules were not hydrated. 


If the intrinsic viscosity coefficient is known, Simha's table [10] can be used to find the axial ratio for the 
ellipsoidal protein particles. The higher this ratio, the greater is the asymmetry of the molecules. 


Analytical results for the protein preparations are given in Tables 1, 2, 3, 4, and 5. 


The "melting out" conditions indicated above were selected on the basis of the data in Table 1, where the 
properties of protein preparations obtained under different “melting out” conditions are compared. The hide spe c- 
imens used were first treated for 7 days in a liqior consisting of a lime suspension (15 g/liter) and sodium sulfide 
(0.8 g/liter). 


The results show that increase of the treatment temperature from 75 to 120° in the autoclave under excess 
pressure does not influence the carboxylgroup content determined by formol titration, or the viscosity of protein 
solutions. Therefore, increase of temperature neither increases nor decreases the number of active centers in the 
dissolved protein, and does not change the molecular shape Or dimensions. 


Increase of pressure likewise has no significant influence on the proteins. The viscosity of the protein solu- 
tions varied only slightly under all the pressures investigated. 


* Moscow Controls and Measuring~Instruments Plant. 
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Observations of the protein yields dissolved out under various conditions showed that at 75° and 8 atmos 
the amount of protein dissolved is only 3% of the hide weight, and at 105° it is 20%, Solution was complete at 
120-125°, The solution process was accelerated if excess pressure was used. Therefore, in the subsequent experi- 
ments the process was performed at 120-125° and 6-8 atmos. 


In addition to data on the protein preparations, Table 2 includes analytical data on commercial photogra- 
phic gelatin for comparison. 


Brief liming does not produce any appreciable changes in the total nitrogen content. Some decrease of the 
nitrogen content of the protein is produced after liming lasting one year. 


Deliming, by electrodialysis, of material limed for more than ten days does not remove Ca? * completely 
from the derma. A chemical compound is evidently formed between the protein and ca? during liming. 
Manokhin [11] noted the possible formation of such a compound. Chernov [12] considered that the formation of 
a chemical compound between the alkali and collagen, the main protein in the hide, is one of the causes of 
the conversion of skins into hide “of definite microstructure and definite composition.” Mikhailov [13] presented 
data confirming the formation of a stable compound of collagen with calcium ions, According to Theis and 
Blum [14], collagen can bind 5.81 ml of 0.1 N Ca(OH), or 0.0166 g of CaO per gram of protein during prolonged 
liming. This amount of bound calcium oxide corresponds to 1.66% on the bone-dry substance. 


In our experiment the voltage of the direct current in electrodialysis was 110-120 v. Hides limed for one 
or two years were electrodialyzed for periods 4-5 times as long as those for hides limed for short times, and yet 
the ash content of the protein preparations obtained from them was 1.3-1.4%. The amino-nitrogen content 
increased with the liming time. However, this increase only becomes significant in liming lasting one or two 
years. In liming of up to 20 days the increase of amino nitrogen is 10-15%. 


Neither the specific viscosity of protein solutions nor the axial ratio of the protein particles change as the 
result of treatment of hides in lime suspension for up to 10 days. Further treatment results in abrupt increases 
in the specific viscosity and particle asymmetry, but neither the viscosity nor the particle asymmetry reach the 
corresponding. values for gelatin. Solutions with specific viscosities and axial ratios approaching those for gelatin 
are only obtained after liming lasting 2-3 months to one year. The variations of protein solution viscosity with 
liming time can be seen in the diagram where accuracy of the determinations is indicated by bands representing 
the root mean square and individual variations in duplicate determinations of the viscosity of proteins extracted 
from different hides. 


In studies of the effect of treatment of hides with sodium sulfide (which isa strong reducing agent) on the 
properties of the extracted proteins, the effects of different concentrations of sodum sulfide, and the effects of _ 
sodium sulfide solution containing 3.9 g per liter acting on the hide for different times, were investigated. 


Tables 3 and 4 show that treatment with sodium sulfide solutions produces changes which differ from those 
caused by lime suspensions. The ash contents of the protein preparations are relatively low. The ash can be 
extracted almost completely by electrodialysis. The protein does not bind Na* 


Although the amino nitrogen content did not increase after treatment of the hide with sodium sulfide for 
three days, increase of the treatment time to six days produced a sharp rise in the carboxyl group content, 
determined by formol titration. 


As in lime treatment, the specific viscosity of the solutions increases with concentration, but it does not 
reach the values obtained in lime treatment. Moreover, even six days of treatment leads to hydrolysis, accom- 
panied by increase in the number of active centers in the protein and a decrease of solution viscosity. 


Sodium sulfide is known to undergo hydrolysis: 
+20 
Na,S ---—--> 2Nat -+- OH- + HS-. 


To determine the effect of OH separately, in absence of HS~, caustic soda solutions were used as sources of 
OH7™ ions for the treatment. The analytical data for the proteins are given in Table 5. 
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ACB Eibago 


Analytical Data on Proteins From Hides Treated For Three Days with Caustic Soda 


Characteristics Raw material 


Moisture, % 11,6 
Ash, % on bone -dry subs. 0.1 
Nitrogen by Kjeldahl, % on bone- 
dry subs. List 
Amino nitrogen, % of total 
nitrogen 2.3 
Specific viscosity of protein solu- 
tions 
Concentration 1.0g/100 ml 0.27 
Hy 0.5¢/100ml 0.11 
ie 0.2 g/100 ml 0.03 0.04 0.04 
Axial ratio of protein particles, 
b/a B 10 18 18 15 


Thus, analyses of the "melted out” products showed that under ordinary liming conditions the total and 
amino nitrogen and ash contcnts of the protein change somewhat. With increase of the liming time to one year 
the amount of ash which cannot be removed by electrodialysis at 110-120 v reaches 1.3-1.4%, This corresponds 
to the amount of lime bound stably with the protein. The amino-nitrogen content increases at the same time. 


The viscosity of the "melted out” products and their particle asymmetry change considerably during 
alkaline treatments; the action of lime produced an abrupt increase of solution viscosity. The solution viscosity 
and particle asymmetry decrease if the limiting period exceeds one year. 


The effects of calcium hydroxide, sodium sulfide, and caustic soda on hides were investigated in this work. 
Each of these substances exerts its specific effects on hide. Therefore, one of them must not be replaced by 
another indiscriminately. The specific action of each must be taken into account. In the glue and gelatin in- 
dustry, whea products of high solution viscosity are required, the hides must be treated in lime suspensions. 


It is shown in this paper that highly viscous and concentrated protein liqiors can be obtained if the proteins 
are extracted in an autoclave at 120-125° during 1.0-1.5 hours in a nitrogen atmosphere. 
SUMMARY 


1, A method has been developed for dissolving the protein from the derma of animal hides; this may be 
used as a basis for extraction of proteins from derma in the glue and gelatin industry. 


2. The effects of alkaline treatments on the properties of the proteins extracted from derma have been 


studied. 
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KINETICS OF THE FORMATION OF CRYSTALLIZATION CENTERS OF 
SUPERCOOLED ORGANIC LIQUIDS ON PARTICLES OF IMPURITIES 


G. L. Mikhnevich 


The kinetics of the conversion of a supercooled melt into a crystalline phase has been studied experimental - 
ly by a number of workers [1-5]. The theoretical aspects of the problem have been discussed in several publica- 
tions [6-9]. The problem was solved in the most general form by Kolmogorov [10] and, in another form, by 
Rodigin [11]. This theory relates to the spontaneous formation of crystallization centers, and has been applied 
with success to the crystallization of metals. 


In this paper an attempt is made to determine the mechanism and kinetics of formation of crystallization 
centers on particles of impurities, and to correlate the kinetic law with the particle-size distribution of the 
impurities. 


Method. The course of formation of crystallization centers can be conveniently observed in supercooled 
liquids with fairly low linear rates of crystallization, at least in the temperature range in which the probability 
of crystal forniation is fairly high. Such substances include piperine, betol, aspirin, etc. Such experiments have 
been performed by Kondoguri [12, 13] and by the present author et al. [14, 15] on flat specimens consisting of 
two cover glasses with a drop of melt wetting both glasses between them. The specimen was placed on the 
microscope stage in such a way that a constant-temperature air stream flowed over it above and below. The 
centers appearing in the microscope field at x60 (or x80) magnification were counted at equal time intervals, 
10 or 5 minutes. The number of centers per constant drop area was determined. The results are plotted graphical- 
ly, the time (t) in minutes or days (according to the experimental temperature) being taken along the abscissa 
axis, and the corresponding numbers of crystallization grains (n) along the ordinate axis. 


In every experiment with piperine, salol, and betol the number of visible crystallization grains reached a 
certain limiting value ng, which depended on the experimental temperature, and which then remained constant, 
although the total volume of the crystalline phase was considerably less than the volume of the melt (Figs. 1 and 


2). 


These results lead to the definite conclusion that the crystallization nuclei for the substances studied can 
only be particles of active impurities which become crystallization centers during the experiment. Since their 
number is limited, they gradually become exhausted and the number of crystallization centers then remains 


constant. 


Improvement of preliminary purification by increase of the number of crystallizations or by filtration of a 
melt or solution of the substance through a glass filter reduces the limiting number of crystals for drops of equal 
volume. The limiting number also decreases appreciably on repeated crystallization of the same sample [14]. 


In either case the number of active impurity particles decreases as the result of deactivation [1, 16-18]. 


Experiments with many specimens under different conditions showed that the kinetic curves belong mainly 
to two types. Curves of the first type are obtained with fairly small supercooling, when the rate of appearance of 
visible crystallization grains decreases continuously from the appearance of the first grain and becomes zero at 
the limiting value (Fig. 1), Curves of the second type are obtained when the supercooling is considerable; the 
formation rate of crystallization centers increases at first, reaches a maximum at the inflection point of the 
kinetic curve, and then tends to zero (Fig 2). 
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& 14 220 = 300 
& min 


Fig. 1. Kinetics of forma- 


tion of crystallization cen- Je Tat a pp ee 
ters at high temperatures: - atnpatie 


a) betol; b) piperine; the Fig. 2. Kinetics of formation of 
values of n along the ordi- crystallization centers at moderate 
nate axis should be multi- temperatures: 

plied by 0.15. 1) for salol; 2) for piperine. 


The mechanism determining the kinetics of the process at various temperatures was elucidated on the hy- 
pothesis that the gradual appearance of visible crystallization grains is due to the fact that the particles of active 
impurities present in the melt before the start of crystallization vary in size, This view had been put forward a 
long time ago[1]. . 


Suppose that the crystallization nuclei at the initial instant are solid particles coated with a crystalline 
layer of the substance studied, or of a substance of similar structure [16, 18]. In the course of time such nuclei 
become covered with a number of consecutive crystalline layers of the melt substance. When this crystalline 
coating becomes thick enough, it masks the influence of the surface of the foreign nucleus, so that the specific 
properties of the nucleus can influence only the growth rate of the first crystalline layers, and also, of course, the 
total number of active impurities. 


Impurity “particles” may also be present in the form of micropores on the surface of a large particle, filled 
with a crystalline mass of the substance studied [16]. Colloidal particles can also act as such nuclei [1]. We shall 
regard all such particles or nuclei as solid in the sense that their dimensions remain unchanged throughout a given 
experiment, if the specimen is melted. 


The following assumptions are made: 


1, The rate ¢ of the conversion and subsequent steady growth of a nucleus is low over the whole tempera- 
ture range studied. 


2. This rate c is constant during the latent period, and is equal to the growth rate of visible centers*. 


3. The distribution of active impurities in the drop volume is uniform, and their concentration is so low 


that during the entire process of formation and growth to visible size the growing crystallization centers do not have 


time to capture and absorb active particles or nuclei present in their vicinity. In general, if impurity concentra- 
tions are high and the growth rates considerable such capture occurs, and introduces considerable complications 
into the effect and the associated calculations. 


If the crystallization centers are formed by a spontaneous mechanism, each molecule in the bulk of the 
melt is capable of serving as the initial point for the formation of a nucleus which can be converted into a center 
as the result of fluctuations. Because of this, the effective volume in which crystallization centers can be formed 
decreases continuously throughout the entire process of conversion of the melt into a solid phase. 


We shall show that in our earlier kinetic experiments [14, 15] (Figs. 1 and 2) there was no capture of im- 
purity particles leading to distortion of the kinetic curves, since the distribution of the impurities could be regard- 
ed as fairly uniform. As the specimens were very thin (from 0.02 to 0,2 mm), we shall solve the plane problem, 


*Constancy of the rate c, i. e., its independence of the nucleus size, which is assumed here, was confirmed by 
| experiments with cyclonite solutions [19]. 
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by considering the area occupied by a crystallization center which is in the form of a lens or a plane disk thick- 
ened atthecenter. Atlow temperatures these flat formations have a thickness (in specimen drops ~ 0.2 mm thick) 
less than the thickenss of the specimen. 


We now find the condition that neighboring 
“disks” should not be in contact at their edges when 
their number reaches the limiting value n,,. Let the 
area of the layer in the specimen, within the limits of 
which the crystallization grains are counted, be square 
0 in form and have the value d’. In this case there are 
Mal C05) lr) Ngo/ a” grains per unit area, and vng)/d per unit length. 
During the entire growth process, lasting T minutes, 
the greatest size of the central disk (the first to form 
among the others) is § = 2cT, where 6 is the diameter 
of the disk periphery and c is the linear rate of growth. 


Fig. 3. Curves for the kinetics 

of formation of crystallization 

centers (ANP) and the presumed 

impurity particle size dis- 

tribution (ANC). The condition that neighboring grains are not in 
contact is given by the inequality 


ELV nies >t a) 


For example, with a square of ~ 3 mm side, generally used in the experiments, at the end of time T the 
greatest grain diameter § was 4-5 mm, and the average true diameter was 5:60 8 0.083 mm. The limiting 
number of crystallization centers was usually ~ 70 (compare Fig. 1, where ng is 65), and then d/ Vngy & 0.37. 
Thus, Inequality (1) is satisfied. It should be noted that the inequality is increased if the average and not the 
maximum size of the crystallization grain is considered. 


Naturally, if the distribution of the impurity particles is not uniform some of the nuclei may be absorbed 
by crystallization centers arising earlier; this should lead to a decrease in the limiting number of crystallization 
grains and some distortion of the kinetic curve at the very end of the process. 


4, For simplicity of calculation we assume that the impurity particles are spherical. Other shapes can be 
considered by introduction of a shape factor. 


If a given liquid is not capable of spontaneous nucleation of crystals, the kinetics of the process differs in 
different cases. 


I. All the active impurity particles are "ready" centers of crystallization at the start of the process, i. e., 
their initial radius r is greater than the critical size r, (r > he) at which, according to the fluctuation theory, a 
nucleus is in thermodynamic equilibrium with the surrounding liquid phase. In this case these particles begin to 
grow steadily when a constant exposure temperature has been established, become visible under the microscope, 
and are recorded as crystallization grains. 


Hence in this case there is no formation stage as such, and the process kinetics is determined entirely by 
the number of active impurity particles and their size distribution. 


II. All the original particles are below critical size (r < r,). 


It is assumed that the initial stage (formation) is statistical in character, as in the spontaneous mechanism 
at its later stages, and only the initial size (size of the foreign nucleus covered by a crystalline layer) is fixed. 
When these nuclei reach, as the result of fluctuations, the critical size (or, more correctly, a somewhat greater 
size), their subseqient growth becomes monotonic, as in the first case. In this case the kinetic law is only par- 
tially determined by the impurity particle size distribution. 


Ill. Since the critical size depends on temperature, temperature conditions are possible in which some of 
the initial particles are smaller than rg, while the others are equal to or greater than r¢. 


Case Iz 1 > fe (Tos fy), Where ro is the least andr, the greatest particle radius. 


For visual representation of the process, we take the particle radii to the left along the abscissa axis, and 


63 


the corresponding numbers of particles along the ordinate axis; the distribution function y (r) is then schematical- 
ly represented by a certain curve ANC (Fig. 3). 


In the course of time all the particles grow at a constant rate cg, and the distribution curve shifts steadily 
to the left at rate cy. In Fig. 3 the distance OO" represents the minimum size of a crystallization grain distinguish - 
able under the microscope (at the given magnification), and therefore the intercept AO’ represents the distance | 
traveled by the crystallization front during the time interval known as the latent period. As the y = W (r) curve 
moves further, crystallization grains begin to be detected when the curve cuts the axis O"n. The limiting number 
of grains is reached when the end C of the curve, representing the smallest size ro, passes through the point Or. 


To show, in the same diagram, the kinetic curve (the variation of the number of visible crystallization 
grains with time) we take time along the abscissa axis, toward the right (with the origin at point O"), and the 
total number of grains visible at time t along the ordinate axis O'n. The particle-size distribution curve is assum - 
ed stationary while the axis O'n is moved to the right at velocity c9. The kinetic curve ANP begins at the point 
A at the end of the latent period, which is represented by OA, and it ends at the point C, which is the time 
instant at which the axis O'n reaches the beginning of the distribution curve y = v(r). At the end of time O°C 
all the active impurity particles have been consumed and the number of crystallization grains thereafter remains 
at the limiting value n,,. The ordinates of the kinetic curve represent the integral number of grains at the time 
instant corresponding to the particle size r (t), i. e., 


r(t) 
dr 
ate | ry seaty Ca, 2. (2) 


rm 


Thus, these ordinates give the area enclosed by part of the curve y = wv (r) and the intercept Ar (t) on the 
Or axis, The inflection point N on the kinetic curve corresponds to the maximum on the distribution curve for the 
impurity particles. The distribution function y (r) can be found by graphical differentiation of the kinetic curve 
if the rate cy is known. 


Case II is represented by Curve a in the schematic Fig. 4 


Ie tay ngs fink 


Particles of these sizes can become crystallization centers only as the result of accidental changes of size: 
the particle radius may increase or decrease, but does not pass beyond the lower limit — the initial size of a 
nucleus covered by a crystalline layer. Only a few of them can reach the critical size, when they start to grow 
monotonically, as in the first case. The probability of this is calculated from the fluctuation theory [20, 21]. In 
this theory the probability I of spontaneous transformation of an unstable nucleus into a nucleus of critical size 
is determined by an expression of the form 


U R(T) 
Fie Geseker kT (3) 


? 


where T is the absolute temperature, k is the Boltzmann constant, U is the activation energy, and R(T) is the 
work of fluctuation necessary to surmount the potential barrier. 


The value of R(T) is found as follows 


M27"2,63 


WO) = RTT (4) 


where M is the molecular weight; To is the melting point; o is the specific interfacial energy; q is the molar 


heat of crystallization; p is the density of a crystal nucleus; y is the shape factor, which is 4/3 for a spherical 
nucleus. 


The critical size of a sperical nucleus is inversely proportional to the supercooling 
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The work R (T) can be expressed, from Equations (4) and (5), as 


4nor 2 
EEG cea aa (6) 
3 
For a nucleus of radius r the work is less by the quantity for the spontaneous formation of a nucleus of the 
same size 


Gn Oy seer 
AI tr 7): (7) 

Thus, the probability of transformation of a single nucleus of radius r into a crystallization center is given 
by the expression 


Ken arte (8) 


Let the impurity particle size distribution be characterized by the function y (r) as before. The rate of 
transformation of all the mass of nuclei into crystallization centers is determined by the function 


r 


= $j de SL, (9) 
where 
B = 4x /3kT. ap 


This function, which we term the effective distribution function, determines the kinetic law. 


The exponential factor which includes the acti- 
vation energy U depends only on the temperature T, 
and therefore, when we consider the process kinetics 
under isothermal conditions it can be incorporated in 
the constant A. This factor largely determines the 
velocity cr of the ordinate axis O'n in Fig. 3 during 
formation of the crystallization centers. The rate of 
their further growth might be characterized by another 
exponential factor of analogous form, contained in 


Cc Volmer's or Stranskii’s [22] formulas for crystal growth, 
P derived from the fluctuation theory. This rate, denoted 
Sure above by Co, is also determined by the activation energy, 
o" 2 Geet Pe) and in addition by the work of formation of a two- 
Min) Ee) aT dimensional nucleus on the face of a three -dimensional 
Fig. 4. Kinetics of formation of nucleus. The process of crystal growth is in reality more 
crystallization centers (Curve AP) complex than its description by the Volmer or Stranskii 
and size distribution of nuclei theories: the theoretically calculated dependence of 
arising on impurity particles as the linear rate of crystallization on the temperature 
the result of fluctuations at vari- does not coincide with the experimental, especially 
ous temperatures, in relation to at low temperatures [22]. 


the CCAD SUZE Ke In any event, the growth rate of crystallization 


centers differs from their formation rate (cp). These 
rates cannot be separated in kinetic studies, as the formation and growth processes are consecutive, and occur 


during the latent period. 
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For slowly-crystallizing substances the growth rate Cy should predominate. In any case, we shall take a 
certain mean value of the rates cy and cr, denoted by c, as the rate of the over-all process. 


We now assume that the process conforms to an equation for a first-order reaction 
= Nog (1 er): (11) 
We equate n, the number of crystallization grains in Equation (11), to the integral number of crystallization 


centers which have reached visible size, by Formula (2) in which the function y (r) is replaced by the effective 
function g (r) 


r (t) 
— | er) dt = ma (te). (12) 


Tm 
We differentiate both sides of this equation with respect to time 
dr SP hes 
—9 (7) Gp = Maoe™. (13) 
The derivative dr/dt is equal to the growth rate of a crystallization center or the velocity of the axis O'n 
to the right, with the sign reversed, i. e., —c: 
dr/dt = —c. (14) 


Integrating both sides of this equation 


pdr iiaic Lieut. (15) 
Cc 


and substituting the value of t from Equation (15) and dr/ dt from Equation (14) into (13) we have 


a 
nile Oo) 
o(r) = ay c (16) 


or o% 
(7) = conste ¢ a : (16a) 


i. e., the effective distribution function is a monotonically increasing function of r (see Fig. 4, a). To determine 
the nucleus size distribution function y (r) which can give rise to the kinetic Equation (12) as the result of fluc- 
tuations, we substitute gy (r) from Equation (16) into (9) 


gr) = [Ste oe Joe (m7) — prt. an 


It follows from the definition of the function y (r) for the initial distribution of the impurity particles. that 
in the right-hand side of Equation (17) all the parameters should be independent of the experimental temperature. 


This leads to a number of conclusions: 


1, The ratio a/c should be independent of the temperature, i. e., should be proportional to the rate of the 
kinetic process; this can be verified experimentally. 


2. The parameter p should also be independent of the temperature, i. e., the surface energy o should be 
proportional to the absolute temperature. It is reasonable to suppose that o increases and not decreases with fall 
of temperature. Since it is unlikely that proportionality of o to temperature T has any physical meaning, we 
shall merely note that the dependence of g on temperature is slight compared with the dependence m which con- 
tains 1/(Ty— T)*. Subsequently we shall regard p as constant. The validity of this approximation will be con- 
firmed in a future paper. 


3. The expression in brackets in Equation (17) should not vary with the temperature. For the limiting 
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number, Equation (9) gives 
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(18) 
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In view of the fact that the value of the integral depends relatively little on the temperature, whereas the 
2 


e Bic represents strong dependence, since im ~ 1/(AT), it may be assumed that 
2 
Nog const /e°"c ; (18a) 


2 
Because of this the product nj, e Blo, in Equation (17) is approximately constant*. 
The case described here (r < 1) occurs at fairly high temperatures, in any event, if Conditions 1, 2, and 3 
on pg. 62, and in particular Inequality (1), are satisfied. This is confirmed experimentally, In Fig. 1,Curve a 
refers to betol (§-naphthyl salicylate, m. p. 92.5°) for the high temperature of +13°, which is considerably higher 
than the abscissa of the maximum on the nucleation — temperature curve ee =—1°; Curve b refers to piperine 


(an alkaloid derived from piperic acid, m. p. 129°, nucleation maximum # 40°) for 48°. Fig. 5 shows the good 
fit of the curves in Fig. 1 with the logarithmic form of the first-order reaction equation (11), i. e. 


lg (Noo — n) (a ahaa -- loins. (19) 
Case III is shown in Fig. 4: 


To< 7, <Tma (20) 
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Fig. 5. Variation of log Fig. 6. Variation of log (n,, — 
(1g —n) with time in ac- —n) with time in accordance 
cordance with the first-order with the first-order reaction 
reaction law at high temper- law at moderate temperatures: 
atures: 1) for salol; 2) for piperine. 


1) for betol; 2) for piperine. 


It is evident that calculations relating to the fluctuation mechanism are not valid for r lying in the (i To) 
range (between the points A (r,,) and E (r,) in Fig. 4), as at r > r, crystallization centers should form on nuclei 
above the critical size. Forr, < typ (between the points E (r,) and C (ro) in Fig. 4) the effective distribution func- 
tion g (r) is 

a 
) ess or 

e(r)=—Nnne®t © (21) 
* Equation (17) leads to an important conclusion: since r < rp), the function y (r) is a monotonically decreasing 
function of r, as g is very large relatively to a/c. Hence in the first case, when r > fg, the kinetic curve (Fig. 3) 
should not have an inflection point, i. e., the slope of the tangent should increase continuously until either all 
the nuclei have been used or the whole melt has crystallized, in accordance with the total number of impurity 
particles and the value of ro for the smallest nucleus. 
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Thus, when r = rg one type of curve should pass into the other, and the slope of the tangent to the kinetic 
curve should change at the transition point. An inflection point is usually found here. 


The case represented by Inequality (20) is shown in Fig. 2; the left-hand curve applies to salol, and the 
tight-hand curve to piperine, both being plotted at room temperature. The rate of the process was so low that 
the crystal grains were counted at intervals of 24 hours, and not every 10 minutes as is usual at high temperatures. 
The same curves are plotted in logarithmic form in Fig. 6; the relationship is linear for the later times, in agree - 
ment with Equation (19), and the linearity breaks down at the instant corresponding to the inflection point. This 
case was verified for many samples of piperine and salol. In experiments with piperine and sulfur it was found 
that additional crystals appear if a lower constant temperature is used immediately after the number of crystalli- 
zation centers has reached the limiting value. The number of these centers may reach a new limiting value on 
the new region of the kinetic curve if enough uncrystallized melt remains in the specimen [14], as shown in Fig. 
4, c. This raises the question of the correlation between the increase of the limiting value of ng, with the degree 
of utilization of all the active impurity particles. 


It follows from Equation (18a) that he should increase, as E, decreases with fall of temperature. This con- 
clusion has no physical meaning if it is assumed, as was done earlier, that nj, is really reached with the smallest 
nucleus of size rp. This contradiction can be resolved if it can be shown that n,, can be reached with particles 
of size r° > rp, where r’ can differ at different experimental temperatures. 


The ordinates of the effective distribution function g (r) are not large at high temperatures. Therefore, the 
integral in Equation (18) may be represented as the sum of two integrals 


, 


\ e(r)dr-+ | e(r)dr =n (22) 
or 

To r’ 

| e(r)dr+\ 9(r)dr = rep (23) 


, 


r ro 


dependent on which case, ry, > f >to Ort, > r > fo, the kinetic curve at the original high temperature represents 
(see Fig. 4, a and 4, b). The value of the second integral, represented by the shaded region in Fig. 4, c, may be 
< 1, and then additional crystallization centers will not be found directly (during the usual interval between con- 
secutive counts)*. After the axis O'n in Fig. 4, c has reached the abscissa r = r’, the number of crystallization 
centers cannot increase any further, and in practice 
the limiting number is reached at that instant (the or- 
it dinate r’P in Fig. 4). 


However, if the temperature is lowered, as shown 
in Fig. 4, c, new crystallization centers appear in con- 
siderable amounts, arising on nuclei of radius r < r’. 


0 2 © 60 60 00 %min : 
a This temperature decrease results in a new distribution, 


Fig. 7. Kinetics of formation for which the ordinates of the function ¢ (r) are higher 
of crystallization centers in be - than for the previous function, because of the decrease 
tol during prolonged observation. of r, in the denominator of the limiting values of n,, 
as given by Equations (18a) and (21). The new limiting 
number is 
r’ 
Nee SE \ g(r) dr, (24) 
r" 


* This is confirmed by an experiment, performed several times, in which the specimen was observed for a long 
time after the number of centers had reached the limiting value. Fig. 7 shows that in betol subjected to repeated 
crystallization one center appeared after 55 minutes, after which the number of crystallization centers became 
constant again, 
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where 


A j 
oO (7) os Nig e $(r sy) (25) 


This temperature lowering isdifficult to effect in practice in the case of piperine, as it is necessary to have 
a considerable amount of the melt uncrystallized at the end of the experiment, but in the case of sulfur it is easily 
achieved with a large number of small drops (see [14], Fig. 2, b). 
SUMMARY 


1, Experimental data are presented on the kinetics of formation of crystallization centers in slowly crys- 
tallizing supercooled organic liquids which are incapable of spontaneous crystallization, 


2, Crystallization centers are formed on particles on active impurities coated with a crystalline layer of 
the melt substance. 


8. Particles larger than the critical size as determined by the fluctuation theory grow monotonically and 
are converted into visible crystallization grains; crystallization centers are not formed. 


4. The remaining particles are converted into crystallization centers; their formation requires work, which 
is less than in the spontaneous mechanism. The kinetics of the process in this case can be represented by a first- 
order reaction equation. 


5. The fluctuation mechanism operates at fairly high temperatures, at low temperatures monotonic growth 
takes place, while at intermediate temperatures the initial part of the kinetic curve as far as the point of inflec- 
tion corresponds to growth of particles above the critical size, and the rest of the curve conforms to a first-order 
reaction law. 
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EXPERIMENTAL INVESTIGATIONS OF LAMINAR SYSTEMS 
24. KINETICS OF THE FORMATION OF HYDROXIDE FILMS ON THE SURFACE OF 
COBALT AND NICKEL AMMINE SOLUTIONS 


S. G. Mokrushin and G. A. Kitaev 


In the previous communication [1] a description was given of a method for studying the growth kinetics of 
hydroxide films on the surface of copper ammine solutions, It was found that films of nickel and cobalt hydrox- 
ides like copper hydroxide films, are formed on solution surfaces only if monolayers of a surface-active substance 
are present on the surfaces; a film of more uniform thickness is formed if a surface-active substance which forms 
a liquid monomolecular film is applied to the solution surface. The experimental data presented below refer to 
the formation of hydroxide films under monolayers of oleic acid. 


The ammine solutions were prepared from solutions of nickel and cobalt sulfates. The thickness of the hydrox- 
ide films was determined visually, by comparison of the interference colors of the films with the same inter- 
ference colors in Newton's rings. The refractive index of Ni(OH), films was taken as 1.428 [2], and of Co(OH), 
films as 1.38. The increase in the thickness of nickel hydroxide films is shown graphically in Fig. 1. Comparison 
of the slopes of Curves 1, 2, and 3 shows that the growth rate of film thickness, which can be found from the slope 
of the linear portions of the curves relative to the time axis, increases with decrease of ammine concentration in 
the solution. The explanation of the difference between the course of Curve 2 and 3 is that in the preparation of 
one of the solutions (Curve 3) the amount of ammonia added was considerably in excess of the theoretical amount 
required for hexammine formation. During the first 20 minutes excess ammonia is removed. When the ammonia 
content in the sclution has falled to a level at which hydrolysis of nickel ammine is possible, the hydroxide film 
begins to form and grow. The relationship between the growth rate of the film and the concentration of nickel 
ammine is plotted in Fig. 2. It is clear from Fig. 2 that the rate of film growth diminishes in proportion to the 
increase of solution concentration, the decrease being greater at higher temper atures. 


The growth of cobalt hydroxide films is represented by curves analogous to those shown in Fig. 1, with the 
difference that the slope of the linear regions (in the thickness range from 1000 to 5000 A) increases with increase 
of solution concentration. Addition of excess ammonia to the solution increases the time before the start of for- 
mation of the cobalt hydroxide film and decreases its growth rate, as bivalent cobalt is easily oxidized to the 
trivalent state in presence of ammonia, and the trivalent cobalt ammine is considerably more stable than the 
bivalent, as shown by their instability constants: K, = 105° (trivalent cobalt) [3] and Ky = yo->t (bivalent 
cobalt) [4]. The growth rate of a film on a solution which had been left to stand for two days after preparation 
is very low because of oxidation of Co”* to Co**. Reproducible results are obtainable only with freshly prepared 
solutions containing the appropriate amounts of ammonia. The solutions were prepared by additions of 5, 10, 20, 
and 30 ml of ammonia solution of d = 0.91 g/cc to cobalt sulfate solutions, to give solutions with molar concen- 
trations of 0.025, 0.05, 0.10, and 0.15 respectively. 


Fig. 3 shows the effect of the concentration of cobalt ammine solution on the growth rate of cobalt hydrox- 
ide films. The growth rate of the hydroxide film is proportional to the solution concentration and is determined 
by the stage of the process the kinetics of which conform to a first-order reaction equation. In this instance the 
process of hydrolysis and ammonia evaporation from solution conform to such an equation. 


Fig. 4 shows the effects of temperature on the growth rates of nickel and cobalt hydroxide films. The ex- 
perimental points lie satisfactorily on straight lines given by the equation 
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Fig. 1. Increase in the 
thickness of hydroxide 
films on nickel ammine 
solutions containing 
0.025 mole /liter (1) and 
0.20 mole/liter (2 and 3) 
at 30° and at an air rate 
of 1.0 liter/minute. 
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Fig. 2. Variation of the rate of film thick- 
ness growth with nickel ammine concentra - 
tion. 
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Fig. 3. Variation of the rate of film 
thickness growth with cobalt ammine 
concentration. 
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To find the determining stage in the process of 
film growth, the kinetics of ammonia evaporation 
from solutions of nickel and cobalt ammines was stu- 
died, as described in the previous paper. The experi- 
mental results are plotted in Fig. 5. 


Fig. 5 shows that the initial regions of Curves 1, 
2, and 3 have the same slope; the tangent of the angle 
is numerically equal to the rate constant for the evapo- 
ration of excess ammonia, present in solution over the 
theoretical amount. 


The rate constant for evaporation of excess 
ammonia from ammine solution is 16.1°10° min™ 
at 40°: 


1 


Fig. 6 can be used to find the ammonia content 
in solution at the time when intensive film growth 
begins. We found the amrnonia contents to be 125, 64, 
and 26 mg per 10 ml of solutions of the following res- 
pective concentrations: 0.15, 0.10, and 0.05 mole/ 
liter. By stoichiometric calculation, in the formation 
of cobaltous tetrammine by the reaction 


CoSO, + 6NH,OH = [Co(NHg)4](OH), + (NH4)2SO4 + 4H,O 


10 ml of solutions of the above concentrations should 
respectively contain 102, 68, and 34 mg of ammonia, 
which can be removed from the solution used in the 
formation of the complex compound. Good agreement 
between experimental and calculated data was obtained 
only for the solution of 0.10 M concentration. The 
agreement between the experimental and calculated 
data led to the suggestion that the final linear portions 
of Curves 1, 2, and 3 correspond to evaporation of 
ammonia formed by hydrolysis of cobalt tetrammine 
with formation of hydroxide: 


[Co(NHg)4] (OH), = Co(OH), + 4NH3. 


The fact that the times at which intensive growth 
of the hydroxide film and hydrolysis of cobalt tetram- 
mine commence coincide confirms the above hypothe - 
sis and the equation for the hydrolysis reaction. 


With the aid of the numerical value for the rate 
constant for evaporation of ammonia formed by the 
hydrolysis of cobalt tetrammine we can explain the 
relationship between the film growth rate and solution 
concentration, plotted in Fig. 3. 


According to our data, the rate constant for the 
evaporation of ammonia liberated in hydrolysis of 
[Co(NH)4] (OH),, is K = 1.63-107% min7!, With the 
aid of the equation for the hydrolysis of cobalt tetram- 
mine it is easily shown that the formation rate of cobalt 
hydroxide (in mg/minute) is given by the expression 


Where 93 and 17 are the molecular weights of cobalt hydroxide and gaseous ammonia; a is the initial amount 
of ammonia in solution (this is equal to the total ammonia added to the solution less the amount combined with 
soi ions); x is the amount of ammonia removed from solution in time + (minutes). If we know the growth 


rate of film ‘thickness W, the film area (S), and density (d = 3.597 [5]), we can calculate the amount of hydroxide 
entering the film in unit time. This is evidently 


m" = W-°-Sd-10°, 


The calculated results are given in the table. The rates of film growth were determined graphically from 
Fig. 6. 
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Fig. 4. Effect of temperature on the growth rate of nickel hydroxide films 
on solutions of 0.025, 0.05, and0.1 M concentration: 
a) nickel ammine; b) cobalt ammine. 
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Fig. 5. Evaporation of ammonia from cobalt ammine solutions 
of 0.15 M (1), 0.10 M (2) and 0.05 M (3) concentration, and 
growth of cobalt hydroxide films (1a, 2a, 3a) on these solutions 
at 40° and air rate 1.0 liter/minute. 


The values of m' and m" in the table coincide; it follows that the growth rate of cobalt hydroxide film 
is determined by the rate of hydroxide formation resulting from hydrolysis of cobalt tetrammine. 
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Amounts of Hydroxide Entering the Film at Values of (a — x): 34, 68, and 
102 mg, for 0.05, 0.10, and 0.15 M Solutions 


To establish conclusively the determining stage of the process, we studied the evaporation kinetics of 
ammonia from a solution with a clean surface, i. e., without formation of a hydroxide film. Comparison of 
Curves 1 and 2 in Fig. 6 (film formation began 80 minutes after the air blow was commenced) indicates that the 
rate of film growth is determined by the rate of evaporation of ammonia through the film of cobalt hydroxide 
forming on the solution surface. 
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Fig. 6. Evaporation of ammonia from cobalt ammine solutions; 
1) with a clean surface; 2) with surface covered by a monolayer of oleic acid. 


Fig. 7. Evaporation of ammonia from nickel ammine solutions: 

1) with surface covered by a monolayer of oleic acid, concentration 0.2 M; 2) the 
same, 0.1 M; 3) the same 0.05 M; 4) clean surface, concentration 0.1 M; at 40° 
and air rate 1 liter/minute. 


On the basis of the above results, the process of formation and growth of cobalt hydroxide films can be 
represented by the following scheme: evaporation of excess ammonia (hydrolysis of cobalt tetrammine, accom- 
panied by formation of cobalt hydroxide), and attachment of the colloidal hydroxide to the solution surface, with 
film formation. 


Kinetic curves for the evaporation of ammonia from nickel ammine solutions are given in Fig. 7. It follows 
from Curves 1, 2, 3, and 4 in Fig. 7 that the evaporation rate of ammonia is determined by its rate of penetration 
through the nickel hydroxide film (the film begins to form 15-25 minutes after the commencement of the air 
blow over the solutionsurface). It was not possible to follow the course of film growth, as nickel hydroxide films 
have weak, pale interference colors, in contrast to the bright colors of copper and cobalt hydroxide films. 


Determinations of solution pH by the drop method at the instant of Ni(OH), film formation showed that 
nickel hydroxide films are formed at pH 10-11; the formation of nickel hydroxide begins in the same pH range. 
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SUMMARY 


1. The effects of concentration and temperature on the growth kinetics of cobalt and nickel hydroxide 
films on surfaces of the corresponding ammine solutions were studied. 


2. A hydroxide film is formed only if a monolayer of a surface -active substance is present on the solution 
surface. The growth of cobalt and nickel hydroxide films under oleic acid monolayers was studied. 


3. Studies of the kinetics of ammonia evaporation from ammine solutions showed that that the rate of 
evaporation of ammonia through the hydroxide film determines the hydrolysis rates of cobalt and nickel ammines. 


4. The formation and growth of cobalt hydroxide films is represented by the following scheme: evapora- 
tion of excess ammonia, hydrolysis of cobalt tetrammine (with hydroxide formation), and attachment of the col- 
loidal hydroxide to the solution surface. 
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* Original Russian pagination. See C. B. Translation. 
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INTERACTION OF DIRECT DYES WITH CELLOTRIOSE* 


P. V. Moryganov and B. N. Mel'nikov 


In thermodynamic studies of the interaction of direct dyes with cellulose fibers the method of expressing 
the activity of the dye in the two phases is very significant. The activity of the dye in solution can, without 
undue error, be taken as equal to the product of the concentrations of the ions formed from the dye molecule, as 
usually the dye content in solution is very low. In addition, activity coefficients for aqueous solutions of certain 
dyes have been found by direct experimental determination. 


For example, Meggy [1] studied the distribution of a number of direct and acid dyes between amyl alcohol 
and water, and dye solubilities in solutions of inorganic salts, and concluded that the activity coefficients of these 
dyes in aqueous solutions at temperatures above 65° are very close to unity. The same is true of aqueous solutions 
of picric acid and methylene blue, the activity coefficients of which were also determined by direct experiment. 
Therefore it is sufficient to know the dye concentration in the aqueous phase in order to represent its behavior in 
solution. However, to express the activity of a dye in the fiber phase it is not enough to know the concentration 
of dye ions in the fiber. In this case it is also necessary to know the actual fiber volume in which these ions are 
present, and their state and behavior in it. This leads to the concept of effective fiber volume V, which is given 
different physical meanings and is defined in different ways by different workers. For example, Willis, Warwicker, 
Standing, and Urquhart [2] define V as the volume of the surface phase of the fiber in which there are forces of 
interaction between fiber and dye. It is assumed that within this volume the interaction force is independent of 
the distance between a dye particle andthe surface of the cellulose phase; these forces do not operate outside the 
volume V. 


Hanson, Neale, and Stringfellow [3] divide the dye solution into two portions — the external, and the internal 
with volume V — and attribute a meaning to V whereby calculated results for the dyeing process based on the 
Donnan theory are correlated with experimental data. 


Marshall and Peters [4] regard V as a correction for dye activity in the fiber phase, and select a numerical 
value for V which satisfies a linear relationship between the logarithm of dye activity in the fiber (In af) and 
the logarithm of the dye activity in solution (In a, ) in accordance with the equation A,,0 — ua 


Urquhart and Williams [5] correlate this quantity with the amount of moisture absorbed by the fiber at 
100% relative humidity; this, of course, is not quite correct. 


Therefore, the physical meaning of the quantity V is not established precisely, and methods for its deter - 
mination are either very approximate or purely formal. Further work on this question is therefore needed, as the 
numerical value of the effective volume is needed for calculations of dye affinity and other thermodynamic 
characteristics. It might be possible to incorporate V in the value for affinity, but in that case it would be possi - 
ble to compare affinities only of dyes which yield anions of the same charge. In reality, the valences of dye ions 
vary greatly, and therefore, a numerical expression for V is necessary for comparison of their affinities, 


We have attempted to determine V by an essentially different method, the physical meaning of the effective 
fiber volume being correlated with the activity of cellulose toward the cye in its interaction with the latter. The 


*Presented at the All-Union Conference on the Synthesis and Application of Dyes, held in May 1956 at the 
Ivanovo Institute of Chemical Technology. 
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TABLE 1 


Thermodynamic Characteristics of Direct Dyes in Interaction with Cellotriose 


Equlibrium concentration 
Tempe -|[c]*10* in moles/ liter Heat of | Entropy — 


reaction |—AS° in 


Equilibrium Affinity - Ap° 


Barium salt of 


dye pees ae Die ngs iy he apie oc 10™*) eal/mole — AH? in| cal/mole 
triose com- cal/mole 
plex 
Congo Red 25 0.84 14,23 
OS 2.02 14.30 | 1040 12700 17.6 
25 4,20 14.29 
35 0.80 7.50 
35 2.40 Tad 6840 12700 17.6 
35 4,00 7,00 
45 0.74 Btehs) 
45 DADs 3.94 6670 12000 1ACG 
45 3.70 SEE: 
Diazo Black C 25 0.70 3.28 
25 2.10 3.28 6150 12700 20.6 
20. 3.90 Beo0 
se e ey 5900 12700 20.6 
35 3.25 1.56 
45 1.70 0.85 
45 2.20 115.4 2.80 0.825 \ Jaa oe he 
TABLE 2 effective fiber volume is taken to be the volume 


accessible to interaction between cellulose macromol- 
ecules and dye molecules or ions. In this sense we 
may speak of activity of cellulose toward the dye, ex- 
pressing it as the ratio of the effective fiber volume to 
Value of V, its total volume: 


liters/ kg f= Vert7 Vict 


If every cellulose macromolecule in every part 
of the fiber is accessible to interaction with the dye, 
then Vor = Vior and the “activity coefficient” of 
cellulose is unity. This would be the case if all the 
dye — cellulose interaction took place in a single phase, 
i. e., if the dyeing process was effected in homogeneous 
and not heterogeneous conditions. Unfortunately, such 
interaction between cellulose and dye cannot be 
effected. 


Values of the Effective Volume (V) of Normally 
Bleached Cotton Fiber, Determined by Different 
Methods 


Method for determination of V 


Given by Marshall and Peters 

By interaction of cellotriose with 
Congo Red 

The same, with Diazo Black C 


0.306 


We therefore decided to prepare a water-soluble cellulose preparation by degradation of cotton fiber; 
cellotriose was chosen as the material, on the assumption that the mechanism of its interaction with direct dyes 
is analogous to that of dye — cellulose interaction, i. e., that the dye forms hydrogen bonds with the hydroxyl 
groups of the glucose residues. When the affinity of the dye for cellotriose in a homogeneous medium, i. e., in 
conditions when it is not necessary to use the effective volume of the cellulose phase, has been determined, it 
becomes possible to calculate this effective volume from the equation for the affinity of the dye for cotton cellu- 
lose fiber 


[Nalf (DI 


—Ap? = RT In ear eR Te 
[Na], ID]V (1) 


78 


where Au® is the affinity of the dye for cellulose; [Na], and [D],, and [Na], and[D], are the respective concen- 
trations of sodium and dye ions in the fiber phase and in solution at equilibrium; z is the valence of the dye ion; 
R is the gas constant; and T is the absolute temperature. 


By substitution of the affinity determined from experiments with cellotriose into this equation we can cal- 
culate the effective volume of the cellulose phase, taking into account the established fact that the affinity of 
the dye for the fiber is independent of the initial dye and electrolyte concentrations in the bath. 


The affinities of direct dyes for cellulose were determined from variations of the dye solubility in presence 
of cellotriose. In these experiments the solubility of the pure dye [D, q) was first determined at a particular tem- 
perature in a thermostat. The solubility of the dye in presence of cellotriose was then determined under the same 
conditions. If the dye interacts with cellotriose, its solubility should increase in presence of cellotriose, and the 
optical density of the solution should increase until a new state of equilibrium is established. The difference 
between the concentrations of the pure dye solution and of the solution in presence of cellotriose gives the amount 
of dye which has interacted with cellotriose, and the equilibrium concentration of the latter can be found. 


From known concentrations of the dye in saturated solution in water, and in presence of cellotriose, it is 
easy to find the equilibrium constant for the process 


D+ aq z= Daq; Gag + Daq> cD-+ aq, 


8 8 SEED (2) 
[(Caq}[Daq] ° 


From the equilibrium constant we find the affinity of the dye for cellotriose 
=—Ap°=RTInK. (3) 


Here [C aq [Dag] and [CD] are the respective equilibrium concentrations of cellotriose, dye, and cellotriose + 
dye complex, and K is the equilibrium constant. 


Since our postuiated mechanism of dye — fiber interaction assumes formation of hydrogen bonds between 
hydroxyl groups of cellulose or cellotriose and the auxochrome groups of the dye, it is advisable to use dyes of a 
low degree of dissociation, with moderate solubility in water, or to perform the experiments with fairly high con- 
tents of electrolyte in solution. The reason is that addition of dye anions to cellotriose molecules should lead to 
formation of charged complexes which are fairly large and therefore have low mobility. A “swarm” of sodium 
ions or some other positive ions should therefore be formed. Because of their high degree of hydration, these ions 
would tend to break the bonds between the dye and cellotriose, so that the solubility of the dye would be the same 
in pure water as in water with added cellotriose. If dyes of a low degree of dissociation are used, complex forma- 
tion between undissociated dye molecules and cellotriose should be more pronounced. We therefore used dyes in 
the form of their barium salts. 


Soluble cellotriose was prepared by the Hess method [6], by acetylation of purified cotton for 3 hours at 
40°, the reaction mass then being held at 30° for 48 hours. The acetate was then saponified by sodium methylate 
in chloroform. The water-soluble saponification product consisted of cellobiose (iodine number 58.5), cello- 
triose (iodine number 39,7), and substances of lower iodine numbers (30-17). A cellotriose sample with iodine 
number ~ 40 was isolated by fractionation at a varying water — ethanol ratio, and used for experiments with 


direct dyes. 

The experiments were performed at 25, 35, and 45°. The experimental and calculated results are given in 
Table 1. 

On the assumption that the mechanism of dye-— fiber interaction is the same whatever salt of the dye — 
barium or sodium — is used for dyeing the fiber, we attempted to calculate the effective volume of the cellulose 
phase from Equation (1). For this we used data on the equilibrium dyeing of cotton fiber by the sodium salts of 


Congo Red and Direct Diazo Black C, and the affinities found from the experiments with cellotriose. The results 
are given in Table 2, which also includes, for comparison, the data of Marshall and Peters for the effective volume 


of the cellulose phase. 


It follows from Table 2 that the effective volume of the cellulose phase as determined by our method is 


19 


very close to the values obtained by Marshall and Peters who used a purely formal method, the selection of suit- 
able values of V. First, this justifies the expression of dye activity in the fiber as the product of the concentrations 
of the corresponding ions in it, the accessible volume being restricted to the effective volume of the cellulose 
phase, and second, it provides convincing proof for the applicability of the thermodynamic approach in studies 

of dyeing processes, 

For final confirmation of our results, we carried out a series of experiments on equilibrium dyeing of cotton 
fabrics with the barium salt of Congo Red, Congo Red barium salt dyes cellulose fibers fairly well even in absence 
of other neutral electrolytes, probably because of the ease of hydrogen bonding between the slightly dissociated 
barium salt of the dye and the charged cellulose surface. The general equation for calculation of the affinity of 
a direct dye for the fiber from equilibrium dyeing data is simplified in this case to 


~ Ap’ = RT In [D}/(DF,, (4) 


because in dyeing by the barium salt of the dye in absence of other electrolytes in the system [Ba]p = [D], and 
[Ba], = [D],- Moreover, the valence of the barium ion is equal to the valence of the Congo Red anion. Because 
of the low solubility of this barium salt at low temperatures the experiments were performed at 100°; the corres- 
ponding affinities of Congo Red barium salt for cellotriose were found by calculation from the values at 45° and 
the heat of reaction. Our values were 5.75 for the sodium salt and 5.91 for the barium salt at 100°. The calcula- 
ted value of the affinity of the barium salt for cellotriose is 5.62, 


This method for determination of the effective volume of cotton fiber from experimental data on dye 
affinities for cellotriose is significant, not only because it is new in principle and is based on theoretical con- 
cepts which have been confirmed by direct experiment, but also because it confirms the accepted mechanism of 
the interaction of direct dyes with cellulose. 


SUMMARY 


1. The interaction of direct dyes with cellotriose, a water-soluble degradation product of cellulose in 
homogeneous conditions has been effected for the first time, and the thermodynamic characteristics of the process 
have been determined. 


2. These characteristics are shown to confirm that the mecnanism of interaction of direct dyes with cellu- 
lose is a process of hydrogen bonding between the dye anions and the cellulose macromolecule. 


3. A method, new in principle, is described for determination of the effective volume of cotton fiber from 


the affinity of dyes for cellotriose. 
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SWELLING OF VULCANIZED RUBBER IN ACETYL HYDROPEROXIDE SOLUTION 


E. N. Novikova 


In the autooxidation of hydrocarbons, organic hydroperoxides are intermediate oxidation products [1, 2]. 
Being strong oxidizing agents and compounds of low thermal stability, hydroperoxides have an initiating influence 
on the rate and direction of hydrocarbon autooxidation [3, 4]. Hydroperoxides oxidize unsaturated compounds to 
oxides; the rate and degree of oxidation of such compounds depends on their structure [5, 6]. Rubber, an unsatu+ 
rated compound, is readily oxidized and yields various oxidation compounds depending on the experimental con- 
ditions; these may contain 


- 1 -—C—, ==COOH, —C—C 
| rb 
0-0 0 
peroxide hydroperoxide epoxy 


and other oxygen-containing groups [7]. 


It was of interest to study the action of acetyl hydroperoxide on rubber, and to investigate the extent to 
which this action can be retarded by rubber-oxidation inhibitors. 


Composition of Vulcanizates 


Vulcanizates 

Vulcanizate components, wt. ~ 
Smoked sheet 100 100 = - 
SKB = Saas! 200 = 
SKN -26 = = = 309 
Sulfur 2.75 2.715 3 4.5 
Captax 0.85 0.85 3.6). 2.4 
Zinc oxide 5 5 10 15 
Stearic acid 1.0 1.0 rae 4.5 
Gas black 40 Fe = = 
Chalk == 58.5 = = 
Rubberax 5 —— = = 
Vaseline oil sat 2 = = 
% content of rubber in vulcani- 

zate 64.7 58.7 92.8 92.9 


It is known that when rubber is oxidized by oxygen,degradation and structurization processes develop in it. 
It has been shown [8] that the degradation and structurization processes can be studied by means of kinetic curves 
for rubber swelling. We therefore adopted the swelling method for studying the oxidation of rubber by hydro- 


peroxides. 
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Fig. 1. Effect of acetyl hydroperoxide concentration on the degree of swelling 


of vulcanizates in benzene; swelling time 7 days: 
1) Vulcanizate II]; 2) Vulcanizate VIII; 3) Vulcanizate C-2. 


Fig. 2. Swelling kinetics of Vulcanizate VIII and consumption of acetyl hydro- 
peroxide: 

1) swelling of vulcanizate in benzene solution of acetyl hydroperoxide (0.72 wt. 
% of hydroperoxide); 2) swelling of vulcanizate in benzene; 3) consumption of 
hydroperoxide for oxidation of 0.1 g of vulcanizate during swelling. 
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Fig. 3. Effects of temperature and acetyl hydroperoxide on the swelling of 
Vulcanizate VIII: 

1) swelling in benzene solution of hydroperoxide; 2) swelling in benzene; 3) 
consumption of hydroperoxide in solution containing vulcanizate; 4) consump- 
tion of hydroperoxide in control solution. 


Fig. 4. Effect of phenols on the swelling of Vulcanizate VII in benzene solution 

of acetyl hydroperoxide at 60°: 

1) hydroperoxide without inhibitors; hydroperoxide with inhibitors: 2) hydroqui- 
none; 3) pyrocatechol; 4) pyrogallol; 5) without hydroperoxide and inhibitors. 


Vulcanizates made from both natural and synthetic rubbers were used in the investigation. The composi- 
tion of the vulcanized mixtures is given in the table. The vulcanized specimens were first washed alternately 
with acetone — benzene mixture (1:1) and acetone, and then dried in a vacuum desiccator. 


The oxidizing agent was 70% acetyl hydroperoxide. Benzene or xylene was used as the swelling medium. 
Into beakers with ground-glass stoppers were put 5 ml lots of solvent or acetyl hydroperoxide solution with or 
without added inhibitors, Plates of vulcanized rubber of the same shape and weight (0.1 g) were then immersed 
in the solutions. The swelling was performed in the 10-80° range, the temperatures being kept constant by means 
of an ultrathermostat. 
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Swelling time, hours 


Fig. 5. Effect of naphthalene deriva - 
tives on the swelling of Vulcanizate 
VIl in a benzene solution of acetyl 
hydroperoxide at 60°: 

1) hydroperoxide without inhibitors; 
inhibitors and hydroperoxide: 2) B- 
naphthol; 3) a-naphthol and a- 
naphtholphthalein; 4) 1,7-dihydroxy- 


The degree of swelling was determined by the 
gravimetric’ method, and was calculated per 1 g of 
each specimen after swelling and removal of solvent 
in a vacuum desiccator. 


Effect of acetyl hydroperoxide concentration on 
the swelling of vulcanizates. As the results in Fig. 1 
indicate, all three vulcanizates, made from different 
types of rubber (natural and synthetic), all show an 
initial increase of swelling, which then decreases with 
increasing concentration of hydroperoxide in solution. 


Vulcanizate III, made from SKB, proved to be 
the most resistant to the action of hydroperoxide. It 
slowly loses its tendency to swell in benzene (Curve 1, 
Fig. 1). 


On the other hand, Vulcanizate C-2, made from 
polar nitrile rubber, which contains polar groups even 
before oxidation, loses its capacity to swell in benzene 


very rapidly. The maximum swelling of Vulcanizate 
C -2 is found at low concentrations (0.18%) of hydro- 
peroxide in solution. Further increase of hydroperox- 
ide concentration leads to a sharp decrease of swell- 
ing, to far below the value for the vulcanizate in pure 
benzene (Curve 3, Fig. 1). 


naphthalene and p-hydroxyphenyl- 
B-naphthylamine; 5) without hydro- 
peroxide and inhibitors. 


Vulcanizate C-2 was not dissolved during swelling. After the solvent had been evaporated from the swollen 
sample, its weight had not decreased in comparison with the initial weight. All this suggests that oxidation of 
Vulcanizate C-2 by hydroperoxide causes structurization. 


Maximum swelling of Vulcanizate VIII, based on natural rubber, is attained at a higher hydroperoxide con- 
centration (0.37 wt. %). In solutions of higher concentrations the degree of swelling decreases and the sample 
goes into solution (Curve 2, Fig. 1). 


The iodometric method was used to determine the consumption of acetyl hydroperoxide in the solution 
used for swelling of 0.1 g of Vulcanizate VIII. Curve 3 (Fig. 2) shows that the hydroperoxide is consumed grad- 
ually Half of the hydroperoxide present in the solution (0.0361 g in 5 ml of benzene) was consumed during the 
first hour of swelling, and the rest during the subsequent 5-6 hours. Whereas in the original benzene solution the 
amount of hydroperoxide remains almost constant for 6 hours (0.0360 g in 5 ml of benzene), the degree of swell- 
ing of the vulcanized rubber (until the maximum swelling is reached) increases with the amount of hydroperoxide 
consumed (Curve 1). The degree of swelling of the vulcanizate is lower in benzene than in hydroperoxide solu- 
tion (Curve 2). 


Data on the swelling of vulcanizates in benzene solution of hydroperoxide in the 10-70° range are presented 
in Fig. 3. 


Plates (0.1 g) of Vulcanizate VIII were immersed in ampoules containing 4 ml of benzene and 0.028 g of 
hydroperoxide. Swelling at each temperature was continued for one hour. The degree of swelling of the vulcani- 
zates and the amounts of hydroperoxide in the solution after swelling and in a control solution without vulcani - 
zate were then determined. The curves in Fig. 3 show that the degree of swelling increases with temperature. 
However, the higher the solution temperature, the greater is the difference between the swelling in benzene and 
in benzene solution of hydroperoxide. Acetyl hydroperoxide is consumed more rapidly in solutions in which the 
vulcanizate is swollen. In the control solution the percentage decomposition is relatively small, but it does in- 
crease from 1.5% at 30° to 10% at 70°. 


This decomposition of hydroperoxide, whether it proceeds with liberation of oxygen or with formation of 
free radicals, must influence oxidative degradation of the vulcanizate, and therefore the degree of swelling. 
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Fig. 6. Effects of phenols on swelling of Vulcanizate VII in a solution of acetyl 
hydroperoxide in xylene at 80°: 

1) hydroperoxide without inhibitor; hydroperoxide and inhibitors; 2) pyrocatechol; 
3) pyrogallol; 4) without hydroperoxide and inhibitors. 


Fig. 7. Effects of naphthalene derivatives on swelling of Vulcanizate VI in a solu- 
tion of acetyl hydroperoxide in xylene at 80°: 

1) hydroperoxide without inhibitors; hydroperoxide and inhibitors; 2) a-naphthol 
and B-naphthol; 3) 1,7-dihydroxynaphthalene and phenyl-g-naphthylamine; 4) 
p-hydroxyphenyl-g-naphthylamine; 5) without hydroperoxide and inhibitors. 


Fig. 8. Effects of inhibitors and initiators on swelling of Vulcanizate VII in solutions 
of acetyl hydroperoxide in xylene at 80°: 

1) iron palmitate and hydroperoxide; 2) hydroperoxide; 3) iron palmitate without 
hydroperoxide; 4) pure xylene; 5) oxynone and chrysoidine in presence of hydroper- 
oxide (the curves coincide). 


Action of inhibitors. The effects of inhibitors on the swelling of vulcanizates in benzene and xylene in 
presence of acetyl hydroperoxide were studied. Addition of hydroperoxide to benzene (21.5 millimoles/liter) 
increases the swelling of Vulcanizate VII. Additions of 6 millimoles of phenols per liter diminish the increase 
produced by acetyl hydroperoxide in the degree of swelling, but, as Fig. 4 shows, they eliminate it far from 
completely. It seems that the action of phenols is effective in so far as hydroperoxide initiates the chain reac- 
tion of rubber oxidation at 60°; pyrogallol has the strongest retarding action on oxidative degradation during 
swelling, while the effect of pyrocatechol is somewhat weaker. Resorcinol retards the oxidative degradation of 
vulcanizates only slightly during swelling. Sample VII was found to dissolve slightly after 5 hours of swelling at 
60° in benzene, and to a somewhat greater extent in a benzene solution of acetyl hydroperoxide under the same 
conditions. The weight of the vulcanizate sample after swelling and evaporation of the solvent indicates that 
vulcanizates do not dissolve under the same experimental conditions in presence of phenols. 


| The swelling and solubility of the samples in the solvent and in solution in presence of phenols are decreas- 
ed not only because phenols terminate the chain reaction initiated by hydroperoxide and thereby decrease oxida- 
tive degradation of the vulcanizate, but also because pyrogallol and pyrocatechol can probably take part in 
structurization of rubber, as was shown in the case of 2,4-diaminodiphenylamine (oxynone) [9]. 


Fig. 5 shows data on the influence of naphthalene derivatives on the oxidative degradation of a vulcanizate 
during swelling. The most effective were p-hydroxyphenyl- §-naphthylamine and 1,7-dihydroxynaphthalene. 
These are followed by a-naphtholphthalein and a-naphthol. Triphenylphosphine and a-nitroso-g- naphthol have 
little effect in lowering the degree of swelling in presence of hydroperoxide. 


Xylol was chosen as the solvent for investigations of the action of hydroperoxide on vulcanized rubber at 
higher temperatures. At higher temperatures hydroperoxide should have a stronger influence both on the vulcani- 
zate and on the solvent, and the influence of antioxidants should be revealed more clearly, 


It follows from the data in Fig, 6 and 7 that phenols and naphthalene derivatives decrease the swelling of 
vulcanized rubber in xylene solutions of hydroperoxide. Curve 1 (Figs. 7 and 6) shows that the degree of swelling 
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in xylene solution of hydroperoxide falls after some increase, due to solution of the specimen. This is confirmed 
by the fact that after swelling in xylene solution of hydroperoxide and evaporation of solvent the weight of the 
specimen fell to 0.07 g, whereas its weight before swelling was 0.1 g. If inhibitors (pyrocatechol, pyrogallol, or 


dihydroxynaphthalene) are added to the xylene solution of hydroperoxide, the specimens dissolve little or not at 
all in 4 hours. 


Action of iron palmitate. It is known that salts of variable -valence metals accelerate both the oxidation 
of hydrocarbons and the decomposition of hydroperoxides. Our results (Fig. 8) show that iron palmitate accele- 
tates the oxidative degradation of vulcanized rubber in xylene. 


The degree of swelling of the specimen in xylene containing 0.1% of iron palmitate is greater than in pure 
xylene (Curves 3 and 4, Fig. 8). Iron palmitate also has an accelerating effect in presence of acetyl hydroper- 
oxide (Curve 1, Fig. 8). 


These data on the effect of iron palmitate on vulcanized rubber are in agreement with the view [10, 11] 
that decomposition of hydroperoxides in presence of iron proceeds by a free-radical mechanism. If so, the free 
radicals formed in our experiments from acetyl hydroperoxide under the influence of iron palmitate may initiate 
further oxidation of rubber in the vulcanizate, thus accelerating the oxidative degradation and solution of the 
vulcanizate. 


If 6 millimoles/liter of 2,4-diaminoazobenzene (chrysoidine) or 2,4-diaminophenylamine (oxynone) is 
added to the xylene solution of hydroperoxide, the vulcanizate is not dissolved. Moreover, the swelling of the 
vulcanizate is less than in pure xylene (Curve 5, Fig. 8). This is probably because oxynone and chrysoidine are 
not only oxidation inhibitors, but are also involved in structurization of rubber. 


Consideration of our experimental results and literature data shows that swelling of natural-rubber vulcani- 
zates in benzene and xylene solutions of hydroperoxide is accompanied by oxidative degradation of the rubber. 
Acetyl hydroperoxide is decomposed by heat and accelerates the oxidative degradation of rubber, as shown by the 
high degree of swelling of the vulcanizate, and subsequent complete solution. This chain process of vulcanizate 
oxidation is retarded to various extents by oxidation inhibitors. 


SUMMARY 


1. Acetyl hydroperoxide influences the swelling and solution of vulcanized rubber in benzene solution. 


2. Increase of temperature has a positive effect on the swelling of vulcanized rubber in benzene solutions 
of acetyl hydroperoxide. 


3. The degree of swelling and solution of vulcanized rubber is decreased in benzene and xylene solutions 
of hydroperoxide at 60-80° in presence of inhibitors (pyrogallol, pyrocatechol, 1,7-dihydroxynaphthalene, p- 
hydroxyphenyl- g -naphthylamine, 2,4-diaminodiphenylamine, 2,4-diaminoazobenzene). 


4, Iron palmitate accelerates the degradation of vulcanized rubber in xylene solutions of hydroperoxide 
at 80°. 


The Minsk State Medical Institute Received May 20, 1957 
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‘FORMATION MECHANISM OF POROUS STRUCTURES 


M. S. Ostrikov and G. D. Dibrov 


Light porous materials are becoming increasingly important in the building materials industry and certain 
other branches of the national economy; in particular, foam concretes are extensively used in practice [1-3]. 
Methods for the production of materials with a porous structure can be divided into the following groups: a) 
mechanical foaming; b) formation of pores by combustion during firing; c) formation of a porous structure in 
an aqueous medium with subsequent removal of liquid; d) foaming of softened materials by gases liberated by 
one of the components of the system [4]. 


This classification does not cover all possible ways in which porous bodies can be formed. For example, 
none of the above-named groups includes our process of the formation of the system gypsum — coal-tar pitch — 
water, in which considerable porosity and a foam structure arise during preparation of the samples, without the 
use of additives or any special methods. The characteristic feature of this process is that a foamlike porous 
structure is formed in highly disperse heterophilic suspensions under the influence of capillary forces of a flota- 
tional character [5]. 
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Pe eee See M5 Aptech: Fig. 2. Effects of composition of gypsum 
pitch on its heat conductivity (\) and den- 
sity (y); the abscissa axis shows the weight 
proportions of gypsum and pitch in the mix- 


Fig. 1. Effects of the composition of gypsum 
pitch on its porosity (1) and water permeability 
(2): the abscissa axis shows weight proportions 


of gypsum and pitch; water permeability is ex- tures, 

pressed in ml of water penetrated into the spec- 

ae pe: pbb panty Be tga The pores formed in the process are of two main 
Ee feaitoa types, sharply different from each other in shape, size, 


and origin: 1) micropores in the gypsum portion, con- 


sisting of intercrystallite spaces which lose water during drying; 2) macropores in the form of a cellular foam, 
easily visible with the naked eye. These pores are formed spontaneously by the action of capillary forces during 


the mixing process. 
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Fig. 3. a) Schematic action of capillary forces: dash lines represent the 
initial boundaries of a drop of water placed on an aggregate of two pitch 
particles (3) and two gypsum crystals (3;); the capillary forces displaced 
the water (2) — air (1) interface, and the following forces arose: Fy, dis- 

placing the pitch particles, and F,, drawing the gypsum crystals into the 

aqueous phase, 9 is the contact angle: b) schematic distribution of pitch 
and gypsum particles by the action of forces F, and Fy. 


Specimens, in the form of disks 70 mm in dia- 
meter and 20 mm thick, were made from powdered 
mixtures of building gypsum and fine sand. They 
were mixed with pure water or water containing 
various additives. It was found that with increase of 
the amount of pitch in the mixture the amount of 
water required to bring the mass to normal consistency 
(in accordance with the GOST for gypsum) was greater. 
The explanation for this increase is that the hydro- 
phobic pitch surface area, not wetted by water, be- 
comes greater and dry friction therefore increases in 
the system. The mobility of the system also decreases 
as the result of formation and accumulation of air 
bubbles. 


Fig. 4. Schematic structure of gypsum 
pitch after heat treatment: 1) gypsum 
crystals; 2) air bubbles; 3) melted 
pitch. 


The increase in the porosity of the specimens 
with the pitch content is shown in Fig. 1, Curve 1. An interesting feature is that the water permeability of the 
system falls with decrease of gypsum content (Fig. 1, Curve 2), despite the increased porosity, and reaches zero 
at 30% pitch content. This remarkable property of the systems, indicative of their highly hydrophobic nature, is 
retained with further incrase of porosity, with increase of the pitch content to 40%. After this water permeability 
unexpectedly returns, and rises sharply with further decrease of the gypsum content. This occurs while water 
repellence increases, and is due only to the fact that the capillary pressure preventing penetration of water de- 
creases (by the Laplace law) because of the excessive increase of pore diameter. It is evident that water per- 
meability in this region becomes of real significance when the liquid phase comes in contact with the openings 
of the widest pores, connected with through channels, and becomes apparent under the appropriate external 
pressure. 


Special interest attaches to data on the heat conductivity of these systems in relation to their composition. 
The curve for heat conductivity (\) in Fig. 2, as was to be expected, corresponds closely to the density (y) curve. 
The linear variation of y with porosity is evidence of the good agreement between these data, obtained in- 
dependently and by different methods. 


The cellular pores originate with direct participation of the powdered pitch particles. The fraction of the 
total volume occupied by these pores reaches 25% with 40% of pitch in the system. 


The disperse pitch phase exerts its influence under the complex conditions of the interaction of four phases, 
where the volume of the two mobile phases is only slightly in excess of the volume of the stationary phases. The 
main role in the formation of cellular pores is played by capillary forces at the water — air boundary. Forces of 
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Fig. 5. Microphotographs (under low magnification) of 
gypsum pitch without foaming agent (a) and with a small 
amount of added saponin (b). 


mutual attraction and friction between the solid particles also have great significance as structure -forming fac- 
tors; they offer resistance to compressive forces of surface tension at the water — air interface. This resistance 
is an absolutely essential condition for appearance of capillary forces. The latter overcome the resistance of the 
structure in definite regions of the system and induce, jointly with external forces selective (dependent on 
wetting) and oppositely-directed displacement of the particles of the two solid phases. 


The nature of the action of capillary forces in elementary regions is shown schematically in Fig. 3, a, 
where it is seen how the unwetted particles of the water-repellent pitch are expelled from the aqueous phase by 
the force F,. By this action of the capillary forces the hydrophobic pitch particles gradually collect in the course 
of stirring on the surface of the liquid phase, i. e., on the inner surfaces of the air bubbles, conferring high stability 
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on them (Fig. 3, b). Tangential forces of coagulative interaction between the pitch particles raise the strength 
and stabilizing power of the entire mineralizing layer. 


In some regions there are accumulations of pitch particles, filling the whole cells, This may occur if the 
previous mixing of the powder is not thorough enough. However, such aggregates (visible in fractures) may also 
be formed by excessive stirring, as a peculiar form of flocculation — capillary separation of a hydrophobic disperse 
phase. 


At the same time, during stirring water spreads over wetted gypsum crystals. The water — air interface 
therefore increases; this is favored by the stabilizing action of the highly disperse pitch particles. Later, when 
stirring ceases, this interface tends to contract, and levels out somewhat, forming isolated bubbles the walls of 
which are closely encrusted with pitch particles. 


The same capillary forces cause displacement of the gypsum crystals, but in the opposite direction (Force 
F, in Fig. 3, a). The crystals are drawn into the aqueous phase, accumulate there, and interact with it, undergoing 
all the changes leading to formation of a rigid gypsum structure which fixes the foam structure. 


The specimens in this condition are not yet strong enough for practical use, and have poor water resistance 
because the area of contact between gypsum and pitch is very small, and is mainly of a point character. More- 
over, interphase molecular bonds between the hydrophilic gypsum phase and the hydrophobic pitch phase, as in 
other heterophilic systems[5], are easily disrupted by the splitting action of molecular water layers. This and 
other defects are eliminated to a considerable extent by heat treatment of the mixture at 150° for 2.5 hours. The 
melted pitch flows over the surfaces of the gypsum crystals and aggregates and forms water-repellent and water- 
resistant films on them. At the same time numerous bridges are formed between the crystals, strengthening the 
porous structure fixed during setting of the gypsum (Fig. 4). The light porous material so formed has heat-insula- 
ting properties, water repellency, and water resistance which are adequate for practical purposes. Gypsum pitch 
of optimum composition (40% pitch) has compressive strength R = 25 kg/cm’, bulk density y = 600 kg/mi, and 
heat conductivity X = 0,09 kcal/m- degree «hr. 


Data on the effect of surface-active foaming agents are of interest. The intensively acting surface-active 
substances generally used in the production of foam concrete and other porous materials [1, 2] had an antagonistic 
action in our systems. Additions of saponin and GK [6] dissolved in the mixing water in the amounts used in foam 
concrete production lowered porosity from 72 to 58.6%. The accompanying microphotographs (Fig. 5, a and 5, b) 
clearly reveal the difference in structure. The specimen without added surface -active substances has numerous 
large pores, which have disappeared completely from the specimen with added saponin. 


This foam-breaking action of the foaming agent can be attributed to selective adsorption of the agent on 
the pitch particles, which are thereby made hydrophilic and lose their power of forming strong stabilizing layers 
at air-water interfaces. These results are consistent with the mechanism suggested above for the action of dis- 
persed pitch. 


SUMMARY 


1, In gypsum — pitch — water disperse systems considerable porosity, exceeding 70%, arises during mixing 
and stirring. The foamlike structure which becomes fixed during setting and hardening of the gypsum is 
strengthened and its water resistance is considerably raised by heat treatment. 


2. The effects of composition on porosity, density, heat conductivity, and water permeability of the systems 
were studied. The results show that these systems may be of practical interest as water-repellent and heat-in- 
sulating materials. 


3. The surface molecular mechanism of pore structure formation in these systems was elucidated, and the 
role of the particles of the disperse pitch phase in the process was demonstrated. 


4, The antagonistic action of surface-active substances generally used in the formation of porous bodies 
(saponin, GK) has been detected and explained. 


The authors express their deep gratitude to Academician P. A. Rebinder for valuable guidance in this work. 


The Rostov State University Received July 16, 1957 
The Rostov Institute of Construction Engineering 
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THE INFLUENCE OF ACCOMPANYING IONS ON COAGULATOR IONS® 


S. G. Teletov 


Our previous communication [1] contained experimental data, in the form of physicochemical analytical 
diagrams for colloidal systems [2], on the coagulation of ferric hydroxide sols by acetates. In the present paper 
we consider the influence of alkali-metal acetates on coagulation in the light of our additional experimental 
results and recent literature data. 


In the case of ferric hydroxide sol the coagulating effect of alkali-metal acetates was found [1] to conform 
to the following sequence: 


Li Ac < NaAc < KAc., 


Hence we attempted to represent the inhibiting effects* * of accompanying cations on the coagulating power of 
the acetate ion by the following sequence: 


Lit > Nat > K*, 


For studying the effect of Rb* as the accompanying ion, we used the nitrate and compared its effect with 
that of potassium nitrate. The concentrations of the original solutions used for coagulation were increased from 
10 millimoles/ liter for acetates to 50 millimoles/ liter for nitrates. The coagulating effect of KNO; was found 
to be greater than that of RbNOs. This is the reverse of the sequence found for acetate, but it is consistent with 
the series for the coagulating action of alkali-metal chlorides on aluminum hydroxide sols, given by Dumanskii 
[4] as an example of the influence of accompanying cations. 


The influence of accompanying ions is not yet fully understood. Peskoy [5] states that "the activity of the 
coagulating ion changes appreciably with the nature of the ion accompanying it.” At the same time it has been 
stated that the latter “has no appreciable influence" [6]. Subsequently Kruyt [7] admitted the existence of this 
influence in the case of multivalent ions, and explained it by analogy with ionic antagonism in electrolyte mix- 
tures, 


According to a number of workers, the influence of accompanying ions is quite considerable [1, 8- 12]. 
However, some authors disregard the specific nature of the ion and attribute this influence only to the above- 
named cause. The same approach extends to the function for "electrolyte asymmetry” in Deryagin’s expression 
for stability [13]. This type of explanation is not applicable to all accompanying ions, and the nature of the ions 
and the disperse phase must be taken into consideration. 


In a number of papers the influence of organic anions is demonstrated; these include anions of monobasic 
[14, 15], dibasic, fatty and certain aromatic [16] acids. It has been found that the influence of the cation com- 
position of the medium in coagulation of aluminum and ferric hydroxide sols at the instant of their formation 
varies [17]. The differences between the effects of accompanying ions are especially great in electrolytic foam- 
ing of sols [1, 18-21]. In the case of cations these effects are undoubtedly associated with polarizability and 


tendency to complex formation. 


* Presented at the IVth All-Union Conference on Colloid Chemistry in Tbilisi, May 1958. 
« *Val’ko [3] attributed a different role to accompanying ions, and described their action as "the relieving effect.” 
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Fig. 1. Average activity coefficients at 25° (37): 
a) 1, 1 halides; b) 1, 1 hydroxides. 
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Fig. 2. Variations of kgw for potassium ions 
with anion concentration in the homologous 
series of monobasic fatty acids [14, 15): 

1) formate, 2) acetate, 3) propionate, 4) bu- 
tyrate, 5) valerate; a) without correction 
for hydrolysis, b) dash lines, the same; con- 
tinuous lines, with correction for hydrolysis. 
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Fig. 3. Average activity coefficients 
of sodium salts of monobasic fatty 
acids in water at 25° [37]. 


Glazman and his associates [22, 23] critically 
reviewed research into certain colloidochemical ef - 
fects in coagulation: habituation, ion antagonism, 
influence of accompanying ions, etc. A number of 
problems, including the influence of accompanying 
ions, were investigated in conjunction with experi- 
mental verification of concepts concerning the adsorp- 
tion of ions of like charge by colloids [12, 24, pA 
The tracer atom method [26, 27] was used to demon- 
strate the virtual absence of adsorption of po,?~ and 
SO, ~ ions in the case of a number of negatively 
charged sols [26]. 


However, the categorical conclusion that no 
accompanying ions are adsorbed [23, 26, 28] is hardly 
justified. Thus, the same tracer atom method has 
revealed: adsorption of sulfate ions, dependent on the 
pH of the medium, on precipitates of zinc sulfide, 
silver sulfide, and barium chromate [29]; chemisorp- 
tion of sodium sulfate on silver [30]; adsorption of 
zinc ions on aluminum hydroxide films formed in 
presence of an electrolyte [31]. 


We determined the adsorption of tagged zinc 
ions by ferric hydroxide sols and gels. In the first case 
we measured the decrease of zinc concentration in an 
ultrafiltrate obtained with the aid of a battery unit 
[32], and in the second, the decrease of concentration 
in the equilibrium solution over the precipitate. The 
ratio of the adsorptions per 1 g of ferric hydroxide in 
the sol and gel respectively is 3:1. The adsorption 
was somewhat higher for ferric hydroxide than for 
aluminum hydroxide [31]. 


All this demonstrates the need for differentiated 
approach to the nature of the colloidal phase and 
of the ions adsorbed on it [25]. This applies primarily 
to colloidal solutions of metal hydroxides [33]. It is 
also probable that the influence of accompanying ions 
may be due to different causes, and is not always 
associated with their adsorption by the disperse phase. 


Without going in detail into Ostwald's views [9] 
on coagulation, we merely note the need to draw atten- 
tion to the properties of the disperstion medium and the 
behavior of electrolytes in it. 


The activity coefficient may serve as a measure 
of interionic interaction [4] in the coagulant electrolyte. 
In that case its value characterizes the coagulating 
power of the electrolyte. This primarily applies to 
electrolytes of a related nature: the greater the force 
of interionic attraction the weaker apparently is the 
coagulating action of the electrolyte. The inhibiting 
effect of the accompanying ion on the coagulating ion 
is seen in this sense [1, 28]. This type of behavior 


does not exclude possible interaction of the accompanying ion with the micelle gegenions ("relieving effect" 
[3]). It is evident that multivalent ions will have a stronger effect in this respect. 
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Published values of activity coefficients [34] were compared with series of acetates and chlorides in order 
of their coagulating effects, and it was observed that these values were symbatic with the coagulant action*®. At 
electrolyte concentrations of 0,01 M the activity coefficients differ very little, but retain a sequence which is 
clearly pronounced at higher concentrations, There is reason to believe that in fact the electrolyte concentra - 
tions are raised considerably owing to adsorption. 


It has been observed that the activity coefficients for acetates are in reverse sequence to those for chlorides. 
This might account for the mutually reversed sequences of alkali-metal acetates and chlorides in their coagulat- 
ing effects. This has been confirmed by new data [35, 36]. The reversal of the series of activity coefficients for 
alkali-metal acetates relative to the normal sequence for salts of strong monobasic acids and the same metals is 
explained by the specific ion — solvent interaction [35, 36]. 


According to these views, in the case of acetates this interaction leads to "localized hydrolysis” [35, 36]. 
When the cations are hydrated, protons from water molecules are displaced from the forming hydration shell. 
These become bound by acetate ions, which are good proton acceptors. This bonding intensifies interionic inter- 
action. Schematically this may be represented as follows: 


Me tse. 0H tsaccHty. Ac" 


Naturally, this effect is most pronounced for Lit, and weakens in the hydration series of the alkali metals: 


Li > Na > K > Rb > Cs. 
This leads to the above-mentioned reversal of the series for acetates, hydroxides, etc. 


This situation is clearly illustrated in Fig. 1 [37]. Acetates and hydroxides are good proton acceptors, 
behave similarly, and give rise to curves of similar configuration [35-37]. Further confirmation is provided by 
tabulated data for activity coefficients [36]. 


Our attempt to reveal differences in the influence of accompanying ions by comparison of the coagulating 
effects of electrolytes with activity coefficients may be extended to other substances. For example, it is possible 
in this way to account for the stabilizing action of monobasic fatty acid anions in the coagulation of arsenic tri- 
sulfide [14, 15]. The authors of these papers found experimentally that the coagulation threshold (kgw) for 
potassium chloride increases with increasing concentration of the fatty acid anion (with a common cation). 


The stabilizing action of the accompanying anion increases in the series from formate to butyrate (Fig. 2, 
[14, 15]), as shown by the definite sequence of the curves. However, the regular sequence breaks down at valerate. 
Curves for the activity coefficients of the sodium salts of the same acids present a completely analogous picture 
(Fig. 3, [37]). The same sequence in the positions of the curves is retained up to the butyrate inclusive, but it 
breaks down at the valerate. A similar °retardation” of the curves for formates is also characteristic (Fig. 2). 


It is seen that the activity coefficients and the stabilizing effects of the anions are in a symbatic relation- 
ship. This is quite natural, as increase of the former results in an increase of the effective concentration of the 
stabilizing ion, and hence to weakening of the action of the coagulating ion. This relationship breaks down for 
valerate and the subsequent salts, probably because of the sharp increase in the role of the hydrophobic radical 
which influences surface activity, adsorption, and micelle formation (see curves in Fig. 3): 


Thus, correlation of activity coefficients and coagulating series of electrolytes justifies our attempt for a 
number of independent cases. The effects of alkaline-earth acetates on coagulation should also be considered 
from the same standpoint, as their coagulating action has been studied [1]. It might be possible to draw an 
analogy with the behavior of alkali-metal acetates, but this is hindered by lack of complete data on the activity 
coefficients of these salts. Comparison of the coagulating effects of alkali-metal and alkaline -earth acetates is 
interesting in another respect. The coagulating effect of the acetate does not decrease, as might be expected, 
when a univalent accompanying ion is replaced by a bivalent. However, the coagulating effect of acetates is 
considerably lower with certain other accompanying ions. The acetates of lead, mercury, copper, and certain 


« An attempt at such a comparison was reported at the Report Conference of the Chemical Faculty of Khar'kov 
State University in 1951. 
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other metals are exceptional intheir effects. Solutions of mercury and copper acetates do not cause visible 

’ coagulation of ferric hydroxide sol, at strengths up to saturation, At the same time, acetates of all three above- 
mentioned metals mixed with various sols [1, 8~21] showed a considerable tendency to foam formation. This is 
probably associated with formation of coagulation structures [38] in the sols and possible formation of complexes 
(1, 18-21, 39] by the electrolytes. ; 


It is interesting to note that the literature contains very few examples of salts which do not coagulate 
hydrophobic colloids [12]. In connection with the work of A. V. Dumanskii (1904), D. I. Mendeleev [40] refers 
to mercury salts, which do not coagulate colloidal ferric hydroxide. iy 


It follows from the foregoing that the influence of accompanying ions in the coagulating power of electro- 
lytes may be determined by various causes. Sometimes this influence is fairly great and may not be disregarded. 
It is possible to predict cases in which its significance should increase for all accompanying ions, For example, 
it is known from the literature that the influence of accompanying ions becomes more prominent with increase 
of the dielectric constant of the medium [11]. If this is so, then in view of the common features with biological 
colloidal systems [41], the significance of the influence of accompanying ions in added electrolytes should in- 
crease for blood and animal tissues with high dielectric constants [42], 


Further research on these problems is clearly necessary. 


SUMMARY 


1. The effects of accompanying ions on the coagulating power of coagulator ions are examined. The 
sequences of coagulating effects of electrolytes and their activity coefficients are compared for three independent 
cases. A symbatic relationship was found for alkali-metal chlorides and acetates. Differences of activity coeffi- 
cients of electrolytes with a common coagulator ion must be attributed to the influence of accompanying ions on 
the coagulator ion. 


2. In addition to this increase of interionic interaction in electrolytes, another possible manifestation of 
the action of accompanying ions is adsorption of these ions by the colloidal phase of like charge. Data demons- 
trating the possibility of such adsorption of certain ions are presented. 


3. The influence of accompanying ions on the coagulating power of electrolytes can be very considerable 
in some cases. 


It is my duty to express my deep gratitude to Academician P, A, Rebinder and to Corresponding Member, 


Academy of Sciences Ukrainian SSR N. A. Izmailov for scrutiny of the manuscript and valuable comments. 


The A. M. Gor*kii University, Khar*kov Received July 2, 1957 
Chair of Technical and Colloid Chemistry 
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A NEW INSTRUMENT (THE ELASTORELAXOMETER) FOR LARGE REVERSIBLE 


DEFORMATIONS, STRENGTH, AND RELAXATION OF HIGH-ELASTIC COLLOID 
SYSTEMS AND POLYMER SOLUTIONS 


A. A. Trapeznikov 


There have been numerous investigations of the elastic properties of fluid colloidal systems and polymer 
solutions. However, elastic deformations were measured only at low shearing stresses and low deformation 
rates, and the deformations obtained under such conditions could not be truly characteristic of the high elas- 
ticity of the system. The most significant in this respect should be the greatest elastic deformations, corres - 
ponding to high deformation rates in excess of the maximum relaxation rates of the systems, but these were 
not known or even suspected to exist in fluid colloidal systems and polymer solutions. 


The significance of maximum elastic deformations was first demonstrated in our investigations [1]. 
Oleogels of aluminum soaps and solutions of polyisobutylene rubber in decalin were investigated. Apart from 
evaluation of limiting (breaking) deformations ¢ ,, corresponding to maximum P = P, on the stress — deformation 
P(e ) curves, direct determinations of large elastic (reversible) deformations and their relaxation are of great 
importance. We used the “silk-thread” method [2]. 
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Fig. 1. Diagram and details of the instrument. 


Maximum elastic deformations reflect the flexible threadlike structure of the particles, which extend at 
high deformation rates and are capable of coiling when not under stress, The absolute values of the maximum 


99 


TABLE 1 


Angles of Rotation of Inner and Outer Cylinders in Measurement of Elastic Recoil in 2% Aluminum Naphthen-~ 
ate Gel (T aging = 64 days) 


Relative deformation 


Torsion angle |Absolute angle of rotation 
Rotation Full rotation| of inner cylin-|- 
angle of angle of der at start of 
outer inner of its free 
cylinder s° | cylinder ss movement ¢ 


Shearing 

stress 

P = Cog/ 

Qn REL x 
=2 

x 10 


e |the inner 
Q°=8—¢ 


39 40 i 38.0 39.0 9.86 10.2 17.3 

59 59 1.33 57.7 57.7 15.1 15.1 23.1 

74 73 1.66 72.3 71.3 18.9 18.7 28.8 
114 113 2.0 111.5 110.5 29.2 28.2 43.3 
141 141 3.17 137.8 137.8 36.1 36.1 54.9 
616 165 4.0 162.0 161.0 42.1 42.1 69.3 
184 193 4,0. 180.0 189.0 47.1 49.5 69.3 
213 225 4.0 2.09.0 221.0 54.8 57.9 69.3 
214 227 4,33 2091 222.7 54.9 58.9 75.0 
253 239 4,33 248.7 234.7 65.2 61.5 75.0 
269 237 4.33 264.7 232.1 71.9 59.0 78.0 
302 215 4.33 297.7 210.7 17.9 55.1 75.0 
324 213 4.0 320.0 209.0 83.8 54.7 69.3 


deformations in many colloidal systems considerably exceed the usual breaking deformations of natural rubber 
(1000-1200%). 


The concept of maximum elastic deformations in fluid systems is also important in connection with the 
investigations of normal stresses by Weissenberg’s method [3], which are of considerable current interest. Despite 
the fact that normal stresses are correlated with elastic shearing deformations, the latter are merely calculated 
indirectly from normal stresses, or by other methods. Until now reversible shearing deformations at high rates 
have not been measured directly; no instruments for the purpose have been designed. 


It should also be noted that in theories of normal stresses arising in fluid systems in steady flow no account 
at all was taken of the transition beyond the yield value of the structure or beyond the limit of reversible deforma- 
tions, accompanied by breakdown of the structure before the steady state is established. 


It is clear from the foregoing that the development of methods and special instruments for direct measure- 
ments of large reversible deformation is a very important task. 


We have developed a new instrument, the elastorelaxometer, based on the coaxial-cylinder principle. 
The idea of the instrument involves: 1) rotation of the outer cylinder at a constant rate, and the possibility of 
stopping it automatically at a required angle; 2) measurement of the maximum shearing stress P which develops 
when the outer cyiinder rotates through the required angle; 3) retention of the inner cylinder in virtually its 
initial position during rotation of the outer cylinder until its arrest; 4) automatic release of the inner cylinder 
in a very short time (0.01-0.05 second) after arrest of the outer cylinder, or after different time intervals; 5) 
measurement of the angle of rotation of the inner cylinder after arrest of the outer cylinder, determining the 
elastic recoil) of the system under investigation. 


To simplify the instrument, the outer cylinder is driven by a gramophone spring mechanism at a rotation 
rate Q ¥ 75 revolutions/ minute*. With an outer cylinder radius R, = 1.5 cm (height L, = 12 cm) and inner 


* We have since constructed a new and more powerful model of the instrument, driven by a motor and equipped 
with gear boxes to give a wider range of Q. Some of the results for rubber solutions, obtained with the new 
instrument, have been published [4]. 
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Fig. ve = (e) and P (¢) curves for 2% aluminum naphthenate gel in decalin; r 


= 64 days. aging — 


Fig. 3. 9, (@) curves for 3 and 4% aluminum naphthenate gels. 
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Fig. 4. @, (9) curves for 2% aluminum naphthenate gel (Taging = 
= 15 days)with three different inner cylinders of Ry: 
1) 1.300; 2) 1.396; 3) 1.450 cm. 


cylinder radii R, from 1.3 to 1.45 cm (height L, = 8.0 cm) this gives velocity gradients ¢ from 200 to 52.5 
sec’, The instrument is shown schematically in Fig. 1. To one of the gear wheels 1 of the drive 2, situated at 
the lower end of the instrument, there is attached a thrust pointer 3, engaging by its inner end with a cog of the 
gear wheel 1, and sliding by its outer end along a circular graduated scale 4. This pointer is used to give the 
desired angle of rotation of the outer cylinder, from 18-20 to 720° (if the pointer is released the cylinder can 
be rotated continuously at a high rate). On reaching its stop, the pointer closes the contact 5 and, through a 
relay, switches in the electromagnetic brake 6, which eliminates the slight inertia drag of the outer cylinder. 
After a short time (0.01-0.05 second) the pointer, moving forward, closes the second contact 7, which switches 
in the electromagnet 8, situated over the upper end of the elastic measuring wire 9, through another relay. 


The inner cylinder 10 has upper and lower axes with pointed ends. The lower point rests on the bottom 
of the outer cylinder 11, and the upper point is pressed (not too firmly) against the centering arm 12, which 
acts as the upper thrust bearing. Instead of the usual permanent linkage between the axis of the inner cylinder 
and the wire measuring the torque set up by the gel, a removable wire which is easily separated from the cylinder 
axis is used; it is linked with the inner cylinder by the coupling joint 13 with two projections a, which press 
against the pegs b of another coupling joint 14, fitted onto the lower end of the wire. The upper end of the 
wire is inserted into the lid of an electromagnetic clutch which, when the magnet is in circuit, is pulled upward 
and pulls the pegs b from the projections a, so that the inner cylinder is released. The outer and inner cylinders 
are fitted with pointers 15 and 16 which travel over the graduated upper lid of the thermostat 17, connected 
with a Hoeppler ultrathermostat. 


The torsion angle of the wire measuring the shearing stress is read off from the deflection of the light spot 
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TABLE 2 


Rp = 1.50 cm, Q = 6.53 radians/sec 


Ge] Semax E@ : af RoR. 

P pee | 2 1 

emax San ee p 
LR GVH a Prarie oe ae AR,cMm|,,;CM_ <p) | €emax ; 
ro) 3 o a fel |femax| - ord z cm : Re 

ae) m4 oO me 100% 


£,450/30,52] 70/1,22 | 86 | 4,5 | 37,2 | 45,7 | 0,050] 1.83 | 36,6 | 2,25 | 45,0 | 6,55 
1396/15, 00]150]2, 615] 176 | 3,07 | 39,2 | 46,4 | 0,104} 3,92 | 37,7 | 4,60 | 44,2 | 13,3 
1,300] 8,04]280/4,88 | 344 | 5,45 | 39,2 | 43,8 | 0,200] 7,32 | 36,6 | 8,18 | 40,8 | 24,9 


from the mirror 18 on the scale 19. With a rigid wire (in this instance a wire of Cy = 99,240 dynes: cm/radian 
was generally used) the rotation angle ¢ of the inner cylinder does not exceed 10-15", but in most determinations 
it was less than 5°, so that the deformation of the system 9 = s — g was equal to almost the complete rotation 
angle s of the outer cylinder, which often exceeded 100°. 


a! If the system under investigation is fully elastic, 
e : : a 
go 210120200 20 280d the inner ae should = through an angle of 9, = 
oF =s, — g (Ss, is the full rotation angle of the inner 
56 cylinder), equal to the rotation angle 9 of the outer 
15 cylinder; if the deformation is partially residual, 
bee then @. < 9. In some cases 9, > 9, due to inertia 
161 overrun of the inner cylinder. If the medium is not 
163 elastic, the inner cylinder does not move at all after 
ie arrest of the outer cylinder; this was verified with 
250 water, mercury, and vaseline oil. The values of 9 
ted and @— were used to calculate the relative deforma- 
350-394 tions « and ¢, (see below). Some data are presented 
403 - 439 in Table 1. 
$4 - 137 


Elastic Recoil and Shearing Stress. Fig. 


2 represents ¢ é (e) and P(e) curves for 2% gel of 
aluminum naphthenate in decalin (Batch No. 24*), 
determined at Rp = 1.50 cm, Ry = 1.396 cm. The ratio 
of the values of P and ¢_ at the curve maxima shows 
that the shear modulus E s 130 dynes/cm’; with the 
unusually high value of 62 for ¢ this is a sign of extremely high elasticity of the system. 


Fig. 5. Schematic curves representing the 
character of the motion of the inner cylin- 
der for different predetermined deformations. 


Fig. 3 shows Oe (9) curves for 3% and 4% gels; it is seen that up to a certain rotation angle 9 = 07 of the 
outer cylinder the values of 9, are equal to 9, i. e., that the given deformations are fully elastic. Subsequently 
the V6 (9) relationship becomes nonlinear; at first 9 ‘ increases a little, passes through a maximum Oe snik 
and then gradually diminishes. The lag of 9_ behind 9 in the 9 > 9) tange is the consequence of structural 
breakdown and relaxation. The fall of 9, beyond the maximum may also be caused by both these factors, but 
the first is the chief one. Despite this, the elastic recoil still remains fairly large. The reason is that the disrupted 
structural elements, undergoing relative displacement in the deformed extended state and giving rise to irrever- 
sible deformation, are capable of rapid cohesion at new points, with recoil of their retained elastic deformation. 
As the deformation increases, the degree of breakdown of the structure grows and elastic recoil diminishes. 
Moreover, if the deformation time is greater, the relaxation which is mainly associated with contraction of the 
broken-down structural elements can go further. 


* Aluminum naphthenate was made in the works (experimental Batch No, 24, 1954) from acidol with naphthenic 
acids of average molecular weight 225, by the formulation with 100% free alkali [5]. The experimental batches 
were prepared with the assistance of G. V. Belugina. 
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TABLE 3 


Elastic Recoil With the Lower Part of the Cylinder Filled With Gel or Mercury; Ry = 1.5 


Lower part of outer cylinder filled with 


Expt. Gel composition Gel aging 
time, days radius of radius of 
inner inner mercury 
cylinder R,, cylinder, Ry, 
cm cm 


2% aluminum naphthenate in 
decalin 


130-138 251-260 


2 The same 160-164 a 
The same, another sample = 336 
3 2% aluminum naphthenate in 
decalin, with addition of 0.431 g 
of capryl alcohol 191 210 
The same 193 203 
4 2% aluminum naphthenate in 
vaseline oil 1.4 133-135 1.4 136-137 
Effect of Gap Width Between Cylinders on ¢.. Measurements of ¢_ with different gap widths 


AR = Rp — Ry between the cylinders, for three values of Ry = 1.30; 1.396 and 1.45 cm with R, = 1.5 cm showed that the 
throw-back angle decreases with decrease of AR (Fig. 4). The values of ¢ = 2eR3/ (Re — R34) = 0/k' (Table 2) are 
similar for all values of AR. 


Values of eg, = Hey /AR and €¢ max = He max /AR where He, = Re Oey and He max = Ree max? Calculated 
by the simplified formula ¢ at fete /AR = H/AR, as the ratio of the linear displacement of the outer cylinder to 
gap width, coincide (Table 2) with the preceding values for the narrowest gap and are somewhat lower with a 
wide gap. In general, this proves the reality of enormous elastic deformations and the validity of the formulas 
used. At the same time, the deformation ¢ ‘s is in fact the extension deformation of the gel particles. 


The use of the first of the two formulas presupposes constancy of the shear modulus E over the entire range 
of ¢, and a distribution of the deformation gradient over the gap characteristic of an ideal elastic Hookian body 
of constant E at low ¢,. In reality E is not constant over the entire range of €e UP 10 € eray? but this lack of 
constancy is probably of the same type for all gaps and the variations of E are similar at equal values of ¢ 4. 


In accordance with our earlier data [1] it may be assumed that variation of the velocity gradient ¢ = 20R}/ 
(RZ — R32) = Q/k’, as the result of changes of AR, at the fairly large values of € from 52.5 to 200 sec”! specially 
used here, has almost no influence on ¢€ ¢ for the given gel. 


The agreement between the values of ¢ @ shows that the heterogeneity of the stress field (RB — RY)/R3 (Table 
2), which greatly increases with increase of AR, has no significant influence on eg; and €¢ pax for this gel. This 
is consistent with earlier measurements of E by the method of torsional vibrations for small deformations in 7% 


gel [1]. 


In calculation of ¢, by means of the above formulas it is assumed that the gel is deformed in the annular 
gap A (Fig. 1). To confirm that the elastic recoil is not due to the column of gel B under the bottom of cylinder 
R;, for which the relative deformation would be calculated from the formula for torsion of a rod as ¢« = Ry@,/h 
(where R, = 1.4 cm, and h is the height of the column B, 2 cm), and which at 9, = 163° would be only Ee ¥ 2.0 
instead of ¢, = 42.7, experiments were carried out in which the lower part B between the cylinders was filled 
with an inelastic liquid — mercury. In this case the gel was poured on top, and was present only in the narrow 
annular gap A. It was found that when the volume B was filled either with the gel or with mercury the values of 
6, (Table 3) coincided, both for the same cylinder of given Ry, and for cylinders of different R, (with a twofold 
increase of AR, @— was also doubled; see Experiments Nos. 1 and 2, Table 3). This shows that the values of 9 é 
determined in the instrument are in fact values for the narrow gap A between the cylinders, which justify the 
above formulas and confirm the existence of enormous relative shearing deformations in high-elastic bodies. 
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Characters of the Motion of the Inner 
Cylinder in Elastic Recoil. The character 
of the motion of the inner cylinder after its release 
differs for different 9, and depends on transition be- 


yond Oe max* 


Fig. 5 is a schematic representation of the 
types of motion of the inner cylinder (M = 121.5 g- 
cm’; R, = 1.396 cm; gel concentration 2%; T aging ~ 
= 66 days) for different values of 9 and corresponding 
final angles of rotation of the inner cylinder 9,. The 
cylinder displacement 9, is taken horizontally and 
the time vertically for each curve. The slope of 
each line is a measure of the rate of motion. Thus, at 
9 < 116° the cylinder first travels rapidly in the for- 
ward direction, passes the new equilibrium position 
Oe = 9 by inertia, and returns to it by a reverse move- 
ment. At 116° < 9 > 163° because of the large inertia 
over-run in the reverse direction another movement, 
although slow, appears in the forward direction. In this range of 9 the first inertia kicks reach 90-100", but in all 
cases the final position is 9 60 (within the experimental error limits of + 1-2°). 


5, 05p 


Fig. 6. Motion of the outer and inner 
cylinders. 


G 8 160 20 320 $70 WO 560 640 7200° 


Fig. 7. @e(9) curves for 2% gel CTs hehe 155 days) determined 
with cylinders of different moments of inertia M: 
1) 376.2 g-cm*; 2) 121.5 g-cm*; 3) 26.3 g-cm?, 


At 9 = 181-268" the situation changes. The inertia kicks in the forward and return direction decrease, and 
the motion in the reverse direction occurs in two stages: most of it is rapid, followed by a virtual halt, and then 
slow. At g = 181-250° the inertia kick in the forward direction decreases, and 9, is somewhat larger than 9: 
thus, at 9 = 181°, Oe = 184°, and at 9 = 217°, 9 = 225°; i. e., in these cases OG is 3-8° higher. At 9 = 289° the 
motion of the cylinder changes again; it first moves rapidly in a forward direction through a large angle, then 
stops, and subsequently moves slowly (through 8-15") in the same direction. This last fact is very significant. It 
shows that all the deformation 9, in this case is truly elastic, as after it has stopped the cylinder can move in the 
forward direction only under the influence of elastic deformation ofthe gel. At 6 = 289-318", 6, is217-27T, and therefore 
elastic deformations € ¢ reaching 6000%, found by calculation from @e max, can in fact develop the gel. There- 
fore the somewhat higher values of @ in the range 6 = 180° are not inconsistent with the possibility of high 
values of €¢. 


The first rapid jump on the curves for the motion of the inner cylinder might correspond to the “instantaneous” 
part of the deformation, and the subsequent slow motion to creep (high-elastic part). This subdivision might be 


useful in a number of cases, but is is very arbitrary, as it depends on the inertia of the cylinder and the time of 
recording of the deformation. 
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Fig. 8. Relaxation curves log 9, = f (Tyo)q): for 2% aluminum naphthen- 


ate gel with addition of 0.215% of capryl alcohol, Tag; 76 days, for 
€e@ = 12 (a) and ¢ e = 190 (b); for 1.5% aluminum ae gel, T aging 
= 80 days for €e = 12 (c); 

1) cylinder of Mg = 26.3 g-cm’; 2) cylinder of M, = 121.5 g-cm’, 


The types of cylinder motion considered here may be regarded as vibrational and aperiodic damping of a 
pendulum, where the elastic force is the gel elasticity and the inertia mass is the mass of the cylinder (the gel 
mass being disregarded*). The motion of such a pendulum might conform to the equation 


d*0, 
by Geman mee ae =m fe 1 ACO, ==(), (1) 


under the condition that p = f (9,9) and that the gel elasticity in consequence of relaxation is AC = f (T, @¢@)3 
for example AC=AC,e~7/*, when the relaxation time 9 = f (@, @¢). A general scheme representing the 
motion of the outer and inner cylinders is shown in Fig. 6. The upper part of the diagram represents variation of 
Q with time, and the lower, the angle of rotation of the outer cylinder S, = Qt;o; and the angle of rotation of 
the inner cylinder until the start of its free movement g (rT), corresponding to change of the shearing stress P (Tr), 
and also the motion of the inner cylinder after release sg (rT). In accordance with the parameters of Equation (1), 
either oscillation about a new equilibrium position (when p* < 4MAC) or an aperiodic approach to it (when p> 
>> 4MAC) is possible. The final values of Ss, may be either equal to or less than the predetermined s, Therefore, 
high values of s, are the consequence of inertia kicks and rapid relaxation (AC ~ 0). Values of s, <s are the 
consequence of structural breakdown and relaxation. 


It is evident that the smaller the value of M and the slower the relaxation, the more exactly the final 
values of s, correspond to true sg. It follows from Fig. 5 that with transition through the maximum 6, = @e max 
the nature of the motion changes from vibrational to aperiodic. This is due to the continuously increasing struc - 


«If the cylinder is very light, the gel mass is comparable with the cylinder mass, and must be taken into account. 
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tural breakdown, accompanied by increase of the damping coefficient p, decrease of AC, and increase of the 
relaxation rate [1, 6]. 


The influence of the moment of inertia of the cylinder . confirmed by the curves in Fig. ot for three 
cylinders of the same R, = 1.40 cm, and with M, = 376.2 g° cm? (mass 398 8): M, = 121.5 g- cm’ (mass 81.5 g), 
solid and hollow stainless-steel cylinders respectively, and Mg = 26.3 g- cm? (mass 23.1 g), a hollow Duralumin 
cylinder. The experiments were performed with a low-viscosity gel (1% gel in decalin, Tagin 155 days), in 
which relaxation is fairly rapid. It follows from Fig. 7 that in the 96 < Oe max region Oe = ging the two cylin- 
ders of smaller M, but for the heavier cylinder the val ues are somewhat high at all 9 <@emax- In this range of 
@ the elastic forces are still large, because structural breakdown is still low. Therefore the system is capable of 
imparting a fairly high velocity at the initial moment of motioneven to the heavy cylinder, and under its in- 
fluence it passes by inertia through the new equilibrium position. However, the return movement is hindered and 
the cylinder stops without reaching the new "fixed" equilibrium position 9, = 9, and this results in high values 
of 9, (Curve 2, Fig. 6). 


In the range @¢ < Oe ma, the values of 9, for the heaviest cylinder are, on the contrary, least and con- 
siderably diminished. This can be attributed to a large decrease of shearing stress beyond P = P,, and to decrease 
of the relaxation time of the system, leading to a decrease in the velocity of the heavy cylinder even in the for- 
ward direction (Curve 4, Fig. 6). Curve 1, Fig. 6 represents vibrational and Curve 3, aperiodic motion when the 
given value of 9, = 9 is exactly reached (cylinders of M, and Msg). 


The two lighter cylinders, with values of M differing 4.6-fold, give 9.(9) curves which virtually coincide 
for all values of g. This shows that they are suitable for determinations of ¢ é in this gel, and that ¢€ .(e) curves 
are independent of M. It is obvious that at large values of E and large 9 even cylinders of not very low M should 
give correct values of ¢,, but the lightest cylinders should be used in investigations of low-viscosity systems. This 
is also shown by the curves for relaxation of deformation log ¢¢ = f (Tho1d) for 2% and 1.5% aluminate naphthen- 
ate gels (Fig. 8), the method for determination of which was described earlier [6]. The initial points, COuSsE oes 
ing to Thojq = 9 second and determining the ¢ ele) curve, coincide for cylinders with M, = 121.5 g- cm? and Ms= 
= 26.3 g-cm*. The curves subsequently diverge, when a part of the elastic deformations and stresses in the system 
disappear owing to relaxation. The small residual stress confers a lower velocity to the heavier cylinder, and the 
relaxation can proceed even further during this motion. The deviation is more pronounced at lower initial 
irreversible relaxation times; for example, at lower gel concentrations (c = 1.5%) or at higher predetermined 
deformations (c = 2.0%, ¢ = 190.> € m): 


These results also lead to the conclusion that in investigations of the kinetic elastic properties of colloidal 
systems the moment of inertia of the cylinder (the acting body) may have an influence, especially with rapidly 
relaxing systems, In many investigations massive cylinders suspended from thin wires have been used in attempts 
to increase sensitivity. This can undoubtedly influence the form of the kinetic curves showing development of 
after-effects. The inertia of the acting body of the instrument should be reduced to a minimum. 


The type of cylinder motion described above was observed with gels of different compositions, but in some 
gels of high “dynamic” viscosity (such as aluminum naphthenate in vaseline oil) the motion of the cylinder was 
in the forward direction only, even at 9< Oe max* 


The effects described have much in common with the types of motion of disks in monomolecular layers on 
water surfaces, such as highly elastic protein monolayers, in which an increase of the damping decrement was 
observed with increase of amplitude and with approach to the yield value [7]. 


Some Comments on Extrusion of the Gel From the Gap Between the Cylinders. Itis 
known that elastic liquids and gels can become twisted on the rod of the inner cylinder and be extruded from the 
gap. This effect has been studied in detail by Weissenberg [3] and by Ward and Lord [8], and was attributed to 
normal stresses arising in the system in addition to tangential stresses, The methods used by these workers indicate 
that the steady -flow stage was investigated, and the initial deformation stage of the system as a "solid" body, with 
transition beyond the yield value or the maximum elastic deformation not considered at all. 


It was noted in this investigation, and also in our earlier studies [1], that up tO € = Emax O Up toe =e 
despite the fact that the tangential stress P reaches its maximum value P = P, at which the normal stress should 
be greatest, extrustion of the gel does not occur; it begins only after ¢ e has passed beyond ¢ e max’ 0 the right- 
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hand descending branch of the « e (e) curve, i. e., in the region of extensive breakdown of the continuous net- 
work structure. Consequently, one basic condition for extrusion of the gel and its twisting around the rod is 


breakdown of the structure, liberation of its individual elements, and further changes of particle configuration 
in flow. 


It should be noted that twisting around the rod occurs only in high-elastic and fluid, i. e., rapidly relaxing, 


gels. In brittle-elastic gels of the gelatin type when P = P, and € @ * €e max is passed the gel merely cracks and is 


extruded from the gap in individual pieces, without twisting around the rod. 


SUMMARY 


1. A new instrument, the elastorelaxometer (based on the coaxial -cylinder principle) has been developed, 
for studies of large high-elastic deformations in relaxing colloidal gel systems and polymer solutions. 


2. The effects of the following were investigated: a) width of the gap between the cylinders; b) moment 
of inertia of the cylinder (with rapidly relaxing colloidal systems cylinders of the minimum moment of inertia 
must be used); c) nature of the liquid in the bottom of the cylinder; d) nature of the motion of the inner cylinder 
at different ultimate deformations. 


3. Values of elastic recoil ¢ . for different predetermined deformations ¢ have been determined in dilute 
aluminum naphthenate gels in decalin. It is shown that ¢, passes through a maximum, associated with transition 
beyond the yield value of the structure, with increase of ¢. It is shown that ¢, can reach 6000% in 2% gels. 


In conclusion, the author thanks technician P. G. Glebov for help in designing and constructing the instru- 


ment, and to laboratory assistant L. S. Meshcheryakova for carrying out the determinations. 
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NATURE OF "DENATURATION STABILIZATION" OF GLOBULAR PROTEINS 


A. S. Tsyperovich 


This paper consists of a summary of some observations of false equilibria in denaturation of globular 
proteins, and of denaturation stabilization — effects discovered by us in studies of denaturation kinetics [1-3]. It 
was found that when denaturing substances of different types act on globular proteins (egg and serum albumins or 
edestin) in various, not excessively high, concentrations, the reaction does not proceed to completion but stops 
at a definite level which depends on the physicochemical conditions. Gradual retardation and cessation of the 
process indicate that a so-called false equilibrium is established in the system. This is quite obvious in the dena- 
turation of egg albumin or edestin, in which reversible interconversion of native and denatured molecules does 
not occur, and therefore there can be no true thermodynamic equilibrium. 


In a system which had reached equilibrium a definite and usually considerable part of the protein remained 
in the native state; this was isolated and investigated. The properties of such protein were greatly changed; it 
became very resistant to denaturation and several other properties were changed. An interesting fact is that the 
stabilizing effect can be prevented. This was demonstrated with the undenatured part of the protein isolated from 
the edestin — urea equilibrium system. The possibility of preventing the stabilizing effect shows that the resistant 
molecules did not previously exist in the protein mass, but originated as the result of modifying treatment in urea 
solution. This change of the protein was termed “denaturation stabilization." Detailed studies of the properties 
of the modified form showed that egg albumin retains its native state after stabilizing treatment with urea, but 
acquires a number of structural differences from ordinary native protein. 


The experiments described below were conducted in order to confirm certain hypotheses concerning the 
mechanism of denaturation stabilization. 


Molecular Weight of Protein in the Stabilized Form 


The molecular weight of stabilized egg albumin was determined primarily in the light of the following 
considerations. It might be possible to postulate a stabilization mechanism consisting of formation of a complex 
between native and denatured protein molecules, in which the native molecules are protected against denaturation, 
This should lead to cessation of the process, i. e., to false equilibrium. This hypothesis would be consistent with 
the heterogeneity found experimentally (by the salting -out method [3]) for particles of the modified form. This 
question could be answered directly, by determination of the molecular weight of the stabilized protein. This 
was done by the osmotic-pressure method, which gives a direct measure of the number of molecules in solution. 

If complexes were formed, the molecular weight of the stabilized protein fraction would be greatly increased 
(the osmotic pressure of the solutions would be lower). 


The determinations were performed with the purest preparations of stabilized protein, obtained by treat- 
ment of egg albumin with urea and recrystallized at least 2 or 3 times. The modified protein was isolated, as 
described previously [3], from equilbrium mixtures which had been left for long periods at room temperature, 
containing 300-400 mg of urea per ml of protein solution. The protein was carefully purified to remove decom - 
position products, salt ions (by prolonged di alysis), etc. We used a new variation of the compensation method 
for determination of osmotic pressure [4]. The determinations were performed under the following conditions: 
to 10 ml of 1.0-1.5% solution of the stabilized protein 0.5 ml of 2 M acetate buffer of pH 4.7 was added, to a 
final buffer concentration of ~ 0.1 M. 90 mg of sodium chloride was then dissolved in the mixture. The salt 
concentration was roughly equivalent to physiological saline. The isoelectric state of the protein and the presence 
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Osmotic Pressure of Stabilized Egg Albumin Prepared by Denaturation Stabilization 


Osmotic pressure 
of 1% protein Molecular 
solution in mm _ | weight of 


H,0 protein 


Protein 
concentra - 


tion, % 


Tempera - 


Protein preparation pH 
ture, (°C) 


Stabilized (modified) egg albumin, 


Preparation 1 4,7 21.6 42,,500 
The same, Preparation 2 4.75 21.5 44,200 
The same, Preparation 3 4.71 22.4 48,500 
Crystalline egg albumin, control 4.77 20.8 46,000 


of salt ensure freedom from error due to the Donnan equilibrium effect. The protein was then put in a cellophane 
bag for dialysis and dialyzed in a refrigerator at 5-6° for 24 hours against 30 ml of a solution with the same buffer 
and salt concentration as in the protein solution (1.5 ml of 2 M acetate buffer and 270 mg of salt were added to 
30 ml of water). In the course of 24 hours the buffer and sodium chloride concentrations within and outside the 
bag were equalized. At the end of dialysis the volume of the protein solution was measured, its concentration was 
determined, and both liquids were introduced into the apparatus. 


The results of some of the experiments are given in the table. 


It is clear from the table that modified egg albumin has the same molecular weight as the original protein. 
Therefore the hypothesis of complex formation between native and denatured protein must be rejected at once. 


These results also prove that the molecules of modified protein are in the native state. It is known that 
denaturation greatly increases the ability of molecules to aggregate, especially in salt solutions. If the material 
isolated from the equilibrium system contained denatured molecules, then treatment at pH 4.7-4.9 in solutions 
containing high concentrations of ammonium sulfate at 1-1.5% protein concentrations would undoubtedly result 
in molecular aggregation, associated with increase of molecular weight. The fact that the molecular weight of 
the isolated "fraction" exactly corresponds to the molecular weight of native egg albumin (with allowance for 
the effects taking place during the isolation) is one important proof that the particles of the modified (highly 
stable) form of egg albumin formed by denaturation stabilization are in the native form. 


Influence of the Decomposition Products of Egg Albumin on Its Stability 
in Urea Solutions 


It is known that protein decomposition products have a stabilizing effect on certain globular proteins [5]; 
literature data on this have been reported elsewhere [6]. This might naturally lead to the suggestion that “dena- 
turation stabilization” of egg albumin (and edestin, etc.) also depends on interaction with protein decomposition 
products which, as has been reported [12] have been detected in considerable amounts in the equilibrium system 
egg albumin —urea; they were formed upon prolonged treatment of proteins with denaturing agents. 


In order to determine whether these decomposition products have a stabilizing effect on the protein, we 
studied denaturation of egg albumin by urea, after addition of such products obtained from another mixture in 
which equilibrium had been reached and which had been kept for a long time. 


The experiment was performed as follows. A solution of egg albumin in urea, kept for about 11 months at 
room temperature, was taken. It contained somewhat more urea than was used in other experiments — 400 mg 
per ml of protein. The original protein was recrystallized twice; its concentration was 6%, and the pH was 7 as 
usual, False equilibrium was reached in the system. 


Protein decomposition products were obtained from this system. 30 ml of the mixture was put into a 
cellophane bag and dialyzed against a solution of 40 g of dry urea in 100 ml of water (i. e., 400 mg per ml of 
protein). The total volume of the aqueous urea solution was 130 ml. Of this, 60 ml was put in a 200 ml beaker, 
and the cellophane bag containing 30 ml of protein — urea mixture was immersed in this liquid. The protein 
decomposition products passed through the cellophane into the aqueous urea solution. The other portion of the 
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aqueous urea solution was left as a control in a 


DO 
E m 9 ‘ similar beaker, open to free evaporation. The 
3 a : dialysis was continued for 4 days at + 5° in a refri- 
8 = =. gerator which also contained the beaker with the 
ane control urea solution, At the end of the dialysis the 
Y Bie presence of considerable amounts of protein decom- 
Molen hs position products was detected in the first aqueous 
8 a 2 urea solution by the biuret reaction and by optical 

1 rotation. The control aqueous urea solution naturally 


SAR) did not exhibit optical activity and did not give the 
AE AC A biuret reaction. 
Denaturation of egg albumin in 
aqueous urea solution containing 
protein decomposition products: 
1) with decomposition products in 
solution; 2) control, without de- 
composition products. 


For quantitative comparison of the course of 
denaturation of fresh preparations of crystalline egg 
albumin in urea solutions with and without protein 
decomposition products after dialysis (and evapora - 
tion), their urea concentrations were checked by 
determinations of density and nitrogen concentration 
of both solutions. A 10 ml pyknometer was used for 
the density determinations. The density of the protein 
solution containing protein decomposition products was 1.0809, and of the control solution, 1.0766. These values 
correspond to 422 and 400 mg of urea per ml of water. Similar results were obtained in urea determinations 
from the nitrogen contents — 418 and 400 mg (a correction for the presence of protein decomposition products in 
one of the solutions was not applied, as such a correction would be small). It should be noted that the difference 
between the urea concentrations of the two solutions (~5%) is very small; it could not result in an appreciable 
difference in the denaturation rates. However, we eliminated the concentration difference by adding the deficient 
quantity of urea (~20 mg per ml) to the solution without the protein decomposition products. 


Denaturation by both the aqueous urea mixtures was performed as follows. A fresh, twice-recrystallized 
preparation of egg albumin was used. The protein concentration of the original solution was 9.56%, and the pH 
was ~7, Each of two test tubes contained 10 ml of aqueous urea mixture: the one containing the protein decom - 
position products, and the control. To each tube 3,0 ml of protein solution was added. The final protein concen- 
tration was then 2.21%. The denaturation was effected at 35°; its course was followed by isoelectric precipitation 
and determinations of changes in the optical rotation. 


The results are presented in the graph; it is clear that denaturation in presence and in absence of protein 
decomposition products proceeds at exactly the same rate. Similar results were obtained in the optical rotation 
determinations. The final increase of optical rotation was 0.29° in both mixtures (with optical activity of the 
decomposition products taken into account). Determinations of undenatured protein also gave the same contents 
in the two samples in all cases. 

As usual, the denaturation reaction was retarded, and ceased at false equilibrium, in all experiments with 
and without the decomposition products. Calculations showed that the retardation commences right at the start 
of the denaturation process. At this stage the amount of decomposed protein is usually negligible (almost zero). 
The retardation of the reaction, however, is considerable. 

On the basis of these results we may reject the hypothesis that egg albumin is stabilized by its decomposi- 
tion products, formed in the system as the result of prolonged treatment with urea. Views on the nature of 
denaturation stabilization which evidently give a reasonably true explanation of the effect are presented below. 


Nature of False Equilibria and Mechanism of the Denaturation 
Stabilization of Globular Proteins 
The Dual Action of the Denaturing Factor on the Protein 


Certain conclusions may be drawn from earlier experimental data [1-3, 12, 13] in conjunction with the 


results of the present investigation. 
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First, it is now clear why the course of the denaturation process slows down and deviates from the mono- 
molecular law even at the early stages, and why the reaction does not go to completion but stops at a state of 
false equilibrium. The cause lies in modification of some of the protein molecules ("denaturation stabilization"), 
as the result of which they acquire increased stability and are either denatured much more slowly, or cannot be 
denatured at all under given conditions. Stabilization under the influence of the denaturing agent proceeds 
simultaneously with the loss of the native state of the rest of the molecules, but probably more slowly. The level 
of false equilibrium, i. e., the extent of protein conversion, is determined by the intensity of the denaturing action, 
and if the latter is not very great a smaller proportion of the protein is denatured while the greater proportion is 
gradually (and more slowly) stabilized. 


The results of a number of investigations [7], including ours [8], according to which the heat denaturation 
of proteins conforms to the monomolecular law, appear to be quite reliable. The absence of false equilibria 
(retardation of the process) in such cases may be attributed to the fact that under the usual experimental condi - 
tions in heat denaturation the action is too rapid (the temperatures being relatively high) and there is not enough 
time for stabilization to occur, Very similar results can be obtained in the action of urea or analogous factors on 
proteins if higher concentrations, higher temperatures, etc., are used. In such cases denaturation is virtually 
complete, and false equilibria are not established. Although the data available on the character of denaturation 
suggest that it is probably a characteristic first-order reaction in itself, this can be proved only in absence of 
conditions in which part of the protein can undergo denaturation stabilization. 


Deviations of the course of denaturation from the monomolecular law have been reported in the literature 
several times [1]. Various explanations have been offered to account for the reaction mechanism in certain 
cases of irreversible and reversible denaturation (diphtheria and staphylococcus antitoxins [9], thyroglobulin [10], 
and luciferase [11]). These explanations are based on the assumption that denaturation, although retarded, goes 
to completion, and that during the process the native protein is reversibly converted into a certain intermediate 
form, from which it gradually returns to the native form and is then denatured (or the intermediate form may be 
denatured directly): 
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where N is native protein; D is denatured (inactive) protein; P is “protected” active protein which can be 
reversibly reconverted into the native form; «a is an intermediate inactive form, reversibly converted into the 
native form. 


These schemes must now be revised; corrections must be introduced into them because, as has been shown, 
denaturing factors can induce two processes with opposite results — denaturation and stabilization. In particular, 
Scheme I (to which Scheme III is similar), the purpose of which is to account for deviations of the course of 
denaturation from the first-order equation, becomes superfluous, as such deviations (retardation of the reaction) 
in fact occur because of the increased resistance of the protein in solution. The views advanced here are based 
on our discovery of the effect in which denaturation stops under certain conditions before reaching completion, 
so that the system contains denatured and native stabilized molecules. The question of the “heat stabilization" 
of proteins could probably be solved by subjecting a protein to prolonged heating at relatively moderate tempera- 
tures, when denaturation is not intensive. There is every reason to believe that with "gentle" heating the stability 
of the macromolecular protein structure would increase. Such experiments are more complicated than would 
seem at first sight; they are probably very lengthy. Moreover, the changes in such cases may prove of low 
stability, and stabilized protein would be difficult to isolate. However, this approach is attractive in the sense 
that clear proof of denaturation stabilization at moderate temperatures (30-40°) would extend the potentialities 
for interpreting this effect in the general biological aspects. Still, it may be claimed that even the results 
obtained so far are of general biological interest. 


The character of the denaturation stabilization of protein resulting from the action of a denaturing factor 
can be considered in the light of the following results of earlier investigations [1-3, 12]: 1) the molecules of the 
modified protein form retain their fundamental type of structure; 2) the molecules undergo partial structural 
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changes, which distinguish the protein from the original material*, These results indicate that denaturation 
stabilization depends on definite changes in the macromolecular structure of the original substance, causing 
high stability of the native modified molecules. 


The mechanism of this change of molecular structure can be represented as follows. Some of the weak 
bonds in the globule are broken by the action of a denaturing agent such as urea, but in such a manner as to 
retain the main type of chain packing characteristic of native protein. The liberated structural elements may 
recombine; but under denaturation conditions, in solutions of urea, etc., the formation of new bonds is difficult, 
Nevertheless, they can form, and the possibility is not excluded that the process requires more time. If so, 
stabilization would be a slower process than denaturation. The new bonds arising within the limits of the native 
type of chain packing shouldhave higher stability; the stronger the denaturing action — urea concentration, 
temperature, etc. — the higher the stability should be. If a new bond could be formed under more "difficult" 
conditions, the affinity between the structural elements which it joins must be high, and the bond formed is more 
stable. For example, it is possible that new “local” spatial conditions favoring the formation of stronger bonds 
arise for individual structural elements when some of the bonds are disrupted. In all cases the modified bond 
network which results cements the molecules more strongly, conferring increased stability on them. Prolonged 
treatment (with urea or other denaturing agents) probably causes greater changes in the macromolecular structure. 
Denaturation then requires stronger influences than those which caused stabilization. 


It may be supposed that all the protein molecules become more labile on addition of the denaturing agent 
to the solution. This creates possibilities for denaturative rearrangement and for stabilization of the native 
macrostructure. Some of the molecules then undergo abrupt denaturative changes while the rest probably undergo 
gradual (and slower) stabilization. 


Investigation of the properties of the stabilized form of egg albumin [3] shows that modification leads to 
a peculiar state of the native globular protein, characterized by a number of structural differences, with a modified 
bond network but with the fundamental native type of molecular structure retained. It is now possible to isolate 
and study this form of protein. This would provide new information on the nature of its macromolecular structure, 
its reactivity, and its properties. The method of “strengthening” the native structure by the action of a denaturing 
agent is itself new and somewhat unexpected. The more customary concept is that the denaturing factor leads to 
breakdown of the native form of chain packing in the protein particles. Denaturation stabilization is also a special 
type of stabilization of the native state of globular protein, involving considerable changes in its structure. In 
other types of stabilization — by dehydration, action of polyhydric alcohols and carbohydrates, variations of pH, 
etc. — such changes do not occur. 


We consider that the effect described is a very widespread and important type of protein modification. 
There is no doubt that modifications of this sort, which can probably be effected with minimum denaturation of 
the protein, open up extensive research possibilities. It seems likely that stabilizing structural changes often 
occur in nature in proteins under normal conditions, without special influences, at moderate temperatures, during 
prolonged storage, etc. The possible practical significance of this effect should also be noted. A method for the 
preparation of globular proteins, including biologically active proteins, in a stable form resistant to denaturation 
is very attractive. 


SUMMARY 


1. The molecular weight (determined from osmotic pressure) of egg albumin stabilized by the action of 
a denaturing agent does not differ from the molecular weight of the original ordinary albumin. This refutes the 
hypothesis whereby this “denaturation stabilization” is attributed to complex formation between native and 
denatured protein in the system. 


2. The denaturation rate is not affected by introduction of protein decomposition products (formed by 
prolonged treatment with urea) into the system egg albumin — urea before the start of the reaction. This leads to 
rejection of the hypothesis that stabilization of the protein molecules (retardation and arrest of the denaturation 
process) is caused by interaction of the protein with decomposition products gradually formed by the action or 


urea. 


* Experimental data confirming both these results are examined and summarized elsewhere [13]. 
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3. A theory is put forward concerning the nature of this "denaturation stabilization" of globular proteins, 
according to which native protein molecules in solutions of denaturing agents form modified networks of hydrogen 
and other bonds of higher stability, formed under unfavorable conditions. These bonds cement the globules more 
strongly while the native type of macrostructure is retained. 
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ESTIMATION OF THE AGGREGATIVE STABILITY OF SUSPENSIONS 


pa i Edel’man and D. S. Sominskii 


The production of stable disperse systems, including suspensions, is of great scientific and practical 
importance. 


Aggregative stability of suspensions is especially important in sedimentometric analysis for determination 
of granulometric composition. It is known that correct choice of the dispersion medium, and also of surface - 
active stabilizers in certain cases, is decisive in determinations of true particle-size distribution. 


There are several methods available for evaluation of suspension stability: investigation of sedimentation 
rates [1, 2], determination of complete particle-size distribution curves [1, 3], studies of the formation rate and 
volume of sediments [4, 5], investigations of the structural and mechanical properties of the systems [6], etc. 
However, these methods all require considerable time and do not always give conclusive results. 


In the present investigation the optical density (D) of dilute suspensions was taken as the measure of 
aggregative stability of the particles. This quantity, determined photometrically, is found with the aid of the 
Lambert — Beer law 


~kel 
I = Tye 9 


which connects the intensity of the incident (Ip) and transmitted light (I) with the thickness of the suspension layer 
(1) and its concentration (c). The extinction coefficient k in the equation is the sum of the absorption and 
scattering coefficients. The optical density of the system (D) is then found as the negative logarithm of the I/ Ip 
ratio, known as the transmission coefficient, and is therefore determined by the value of kcl. 


The Lambert — Beer law is valid only for dilute systems, if the particle size of the disperse phase remains 
constant; moreover, optical density measurements are only suitable either for sols with particles < 0.15y, or for 
suspensions and emulsions with particles > ly. 


We studied dilute suspensions of polydisperse mineral powders: limestone, quartz, talc, cement, sulfur, 
and others, with particles > 1. A check of the applicability of the Lambert — Beer law to these suspensions showed 
that if the particle sizes remain unchanged the optical density over a definite region is directly proportional to 
the weight concentration of the system*, while if the latter is constant the optical density is directly dependent 
on the particle concentration: it increases regularly with increase of the specific surface of the powder (Fig. 1). 
Change of the dispersion medium or introduction of various surface-active additives, leading to peptization or 
particle aggregation, i. e. to changes in the number of particles in unit volume, influences D, so that the optical 
density can be used as a measure of stability of the system (at constant c and 1 ). 


Highly disperse powders should be used for evaluation of the role of the dispersion medium and surface - 
active additives in the aggregative stability of suspensions from determinations of optical activity. There are 
several reasons for this: 1) the method is more sensitive with highly disperse suspensions, as such systems have 
the lowest aggregative stability. The use of highly disperse powders is all the more necessary since in measurements 


* At the low suspension concentrations permissible in photometric work,variations of the weight content of the 
solid phase do not influence stability. 
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pf D by the photometric method very dilute 
systems must be used, with concentrations of the 
order of 0.04-0,05%; 2) if highly disperse powders 
are used, rapid sedimentation of the particles in the 
measuring cell of the photometer is avoided, so that 
D is determined more accurately. 


For the optical density determinations a sus- 
pension of the material was prepared of analytically 
accurate concentration by weight (a weighed sample 
5000 10000 20000 being rubbed with the dispersion medium in a 
Specific surface Sgp, cm*/g porcelain basin by means of a rubber-tipped rod), 
and the suspension was agitated thoroughly by a 
stirrer; the sample for determination was withdrawn 
immediately after the stirring. A Russian-made FMS 
; horizontal photometer was used for determinations of 

Saerk sp): D. Studies of the spectral characteristics of suspens- 
ions of the materials used showed that D can be 
determined with adequate accuracy with the aid of a green light filter; ) = 533 mp. 


Fig. 1. Variation of optical 
density (D) of 0.05% aqueous 
quartz suspensions with dis- 


The accuracy to which the optical density can be measured directly by means of the photometer is quite 
high, +3%. Therefore-for reproducible results special attention should be devoted to careful and standardized 
preparation of the suspensions, 


TABLE 1 


Optical Densities (D) of 0.05% Suspensions of Certain Materials in Various Media 


Dispersion medium 


toluene 


Material = 


chloro- 
benzene 


ethyl 


hea ligroine 


Limestone 0.28 
Cement 0.22 
Granulated slag 0.19 
Iron ocher 0.40 
Titanium dioxide 0.56 


* Specific surface was determined from the air permeability of a layer of compacted powder (the 
Kozeny — Carman method, see [7]). 


For selection of a dispersion medium giving the highest particle stability for a given material, suspensions 
of thoroughly dried powders were made in equal concentrations, and the one which gave the suspension of the 
highest optical density was chosen as the best. It must be pointed out, however, that this method for selecting 
dispersion media is valid only with systems in which the refractive index difference between the solid and liquid 
phases is fairly high. Suitable dispersion media were found for sedimentometric analysis of the following fine 
powders: cement, limestone, granulated blast-furnace slag, iron ocher, and titanium dioxide (Table 1). 


It follows from Table 1 that water is the best medium for ocher and titanium dioxide, giving the best 
stability; ethyl alcohol is the best medium for limestone and granulated slag. In the case of cement sedimento- 
metric analysis is possible only in anhydrous liquid hydrocarbons, the best being ligroine. 


It must be pointed out, however, that the maximum optical density of a powder suspension in a particular 
dispersion medium (for example, TiO, in water) does not always mean that the particles in the system are 
completely disaggregated. Therefore by the optimum dispersion medium in this case we mean relatively the 
best medium of those studied. 
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TABLE 2 


Granulometric Composition of Limestone in Various Dispersion Media Ssp = 10,000 em?/ g 


Contents of fractions (%) of radius ranges in p 


Dispersion medium 


Ethyl alcohol q 
Water 
Ligroine 8 
Chlorobenzene 15 


The choice of the optimum dispersion medium, based on the highest optical densities of the suspensions, 
was checked by the results of determinations of the granulometric composition of the powders. 


As an example, Table 2 contains the granulometric composition of thoroughly dried limestone, determined 
by sedimentometric analysis with the aid of the Figurovskii microbalance [5], in the optimum medium and in 
other media. For comparison, the optical densities of 0.05% suspensions are given in the same table. 


It follows from the data in Table 2 that the 
highest content of fine fractions is found in the dis- 
persion medium which gives the maximum optical 
density (ethyl alcohol). Moreover, changes in the 
optical density of limestone suspensions resulting 
from the use of other media are accompanied by 
changes of the experimentally observed granulo- 
metric composition: as D decreases, the content of 
the finer fractions diminishes as the result of an in- 
crease of the intermediate and coarse fractions, owing 

‘to particle aggregation. 
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Fig. 2. Variation of optical 
density (D) of 0.04% aqueous 
suspensions of talc with stabil- 
izer concentration: 
1) tannin; 2) OP-10; 3) OP-"7; 
4) sulfated alcohols; 5) 
Nacconol; 6) Daxad. The comparative effectiveness of surface-active 
additives was also studied by determination of the 
optical densities of the suspensions. The method con- 
sisted of determinations of the optical densities of suspensions with various amounts of surface-active agents added 
to their dispersion media. The amount of stabilizer which gave the maximum D was taken as the optimum con- 
centration. If the stabilizer itself gave an optically turbid system, not the pure solvent but a solution of the 
additive of the appropriate concentration was put into the second photometer cell. 


As already stated, mere selection of a dispersion 
medium, even for low solid-phase concentrations, 
does not always ensure the formation of a stable sus- 
pension. In such cases organic surface-active agents 
or electrolytes must be added as stabilizers. 


Figs. 2 and 3 contain optical density — stabilizer concentration curves for 0.04% aqueous suspensions of talc 
(Onotsk origin) and sulfur (rhombic) in presence of various stabilizers. First, it should be noted that these curves 
are analogous to isotherms for stabilization of suspensions by surface -active agents, found by other methods for 
determination of the stability of disperse systems, such as the sedimentation rate [1]. These curves can easily be 
used to find the optimum amount of additive at which the adsorption layer becomes saturated. 


The optical-density data (Fig. 2) show that of the additives studied the following are the most active for 
talc: tannin, and the wetting agents OP-7 and especially OP-10 (polyethylene glycol ethers of monoocty! phenol). 


The activity of OP-10 is regularly higher than that of OP-7; in presence of OP-10 in the suspensions the 
highest stability of the talc particles is reached at c = 0.03%, whereas in the case of OP-7 maximum particle 
disaggregation is not attained even at c = 0.1% (this was confirmed by examination of a drop of the suspension 


under the microscope). 
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TEN Aba 


Effect of Concentration of OP-7 Stabilizer on the Granulometric Composition of the Disperse Phase in a 
Talc — Water Suspension (Ssp of Talc = 12,000 cm’/g) 


Stabilizer 
concentration, 


With additions of sulfated alcohols (sulfate esters) the maximum stability of the system is reached only at 
concentrations of the order of 0.2-0.3%. Additions of Nacconol F (alkyl aryl sulfonate) and the American wetting 
agent Daxad (of the Leukanol type) are even less active: even at considerable concentrations they only partially 
disaggregate the talc particles and do not stabilize the system completely. 


Sulfur powders are highly hydrophobic and are 
badly wetted by water. The optical density of sulfur 
suspensions is therefore extremely low. Hydrophiliz- 
ing additives should therefore increase sharply the 
suspension stability and the optical density of the 
system. Since sulfur is more hydrophobic than talc, 
stabilizers should have a greater effect on sulfur sus- 
pensions, i. e., changes of D should also be more 
pronounced in sulfur suspensions. 


S 
as 


04 BZZ3 
hee In fact, the course of the stabilization curves 
Q3 for 0.04% sulfur suspensions (Fig. 3) shows that the 
a optical density of the system increases 6 to 7-fold on 
G2 ae addition of stabilizers, whereas in the case of talc 
7 bs suspensions roughly 1.3-fold changes of D are charac- 
d 005 008 ie «Oe «2 05 6% teristic. 
Fig. 3. Variation of optical density (D) of 0.04% Of the surface -active agents studied, the best 
aqueous suspensions of sulfur with stabilizer con- stabilizers for sulfur particles are calcium lignosul- 
centration: fonates (sulfite liquor, SSB) and the nonionic wetting 
1) SSB; 2) OP-10; 3) OP-7; 4) Daxad; 5) sul- agent OP-10. Microscopic examination of dilute sulfur 
fated alcohols; 6) RAS. suspensions stabilized by means of sulfite liquor 


showed their particles to be almost completely dis- 

aggregated. The other additives — sulfated alcohols, 
OP-7 wetting agent, the American products Darvan and Daxad, and the anion-active wetting agent RAS (refined 
alkyl aryl sulfonate) — are not effective stabilizers for sulfur suspensions. 


To test the accuracy to which variations of the optical density of suspensions reflect variations of the 
aggregative stability of the particles, the granulometric composition of the disperse phase was studied in presence 
of different amounts of OP-7 stabilizer (in the case of talc powder in water). 


The dispersity was determined by the sedimentometric method with the aid of Figurovskii's microbalance. 
The results are given in Table 3, which also contains optical densities of 0,04% talc suspensions. 


Comparison of the data in Table 3 with Curve 3 of Fig. 2 shows that optical-density variations give a quite 
reliable indication of the disaggregation of the talc particles, which is reflected in the granulometric composition 
found. For example, addition of 0,02% of OP-7 to the suspension appreciably increases the amount of fine frac- 
tions present, with a considerable increase of D (by 20%). If 0.1% of OP-7 is used instead of 0.05%, the granulo- 
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metric composition of the talc particles remains virtually the same (Table 3), and so does the optical density. 


These determinations confirm that the optical-density method can be used for estimation of suspension 
stability. This method differs advantageously from others by its simplicity and, in particular, by the rapidity 
with which the results are obtained; it provides a relatively rapid answer to the problem of the choice of the 
most suitable, surface ~active stabilizer and its optimum concentration for a given suspension, and is an aid in 
the choice of the dispersion medium which gives the most stable disperse system. 


The effectiveness of different coagulants can also be compared by investigations of the optical properties 
of suspensions. 


It should be noted, however, that variations of the optical density of suspensions most often result only from 
the so-called compact coagulation, i. e., coagulation leading to particle aggregation with changes of the particle 
concentration. If coagulation results in the formation of a spatial structural network in the system, additions of 
certain amounts of coagulants may reinforce the volume structure without change in the optical density of the 
system. 

SUMMARY 


1. A method has been developed for estimation of the stability of suspensions by measurements of their 
optical density. 


2. Dispersion media have been found for fine powders of limestone, granulated slag, iron ocher, and 
cement, ensuring the highest particle stability in suspension. 


3. Surface-active stabilizers for aqueous suspensions of talc and sulfur have been found. 


4, It is shown that the most effective stabilizer for talc suspensions is wetting agent OP-10 at 0.03% con- 
centration, and for sulfur suspensions, calcium lignosulfonates (sulfite liquor) at concentrations of the order of 
0.3 -0.5%. 


All-Union Scientific Research Institute for New Problems Received March 12, 1957 
in the Production of Finely Ground Constructional Materials 
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LETTERS TO THE EDITOR 


EFFECT OF THE VISCOSITY OF RUBBER LATEX ON THE GELATION RATE 


D. M. Sandomirskii and M. K. Vdovchenkova 


1” 


10 


Gelation tirne, min 


ee ar a ag 
Viscosity, arbitrary units 


Effect of latex viscosity on 
gelation time. 


When suspensions of sodium fluosilicate or zinc 
oxide and solutions of ammonium salts are added to 
latex, gelation takes place owing to slow formation 
of cations which destabilize the globules [1, 2]. It 
is possible that among other factors (amounts of 
gelating agents added, latex concentration, tempera- 
ture, etc.) the gelation rate is also influenced by the 
viscosity of the medium, as the destabilizing anions 
formed on the surface of the suspended particles must 
diffuse into the latex before they reach the globules 
and interact with their protective coatings. Since no 
data on this question are available in the literature, 
we performed gelation experiments with polychloro- 
prene latex of initial concentration 52.3%, diluted to 
41.8% concentration by aqueous glycerol mixtures of 
various compositions. This gave mixtures the viscosity 
of which varied from 1 to 1.4 (in arbitrary units). The 
gelation was effected at room temperature by addi- 
tions of zinc oxide paste and ammonia and ammonium 
chloride solutions to the latex. 


The results shown in the graph, although 
qualitative, clearly demonstrate the significance of 
diffusion processes in the gelation of latex. It appears 
that addition of glycerol destabilizes the latex to 
some extent, and the retarding effect of viscosity 
diminishes with increase of glycerol content. 


Scientific Research Institute Received May 22,1958 
for Rubber and Latex Products 
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4 
METHOD FOR PRECIPITATION OF AEROSOLS IN A THERMAL PRECIPITATOR FOR 
ELECTRON MICROSCOPY 


Nee aSBURS and Sais. Yankovskia 


It is known that the main difficulty in electron microscope investigations of aerosols is in the preparation 
of an aerosol precipitate which can be used for exact determinations of the number of particles in 1 cc of aerosol 
and of the particle-size distribution. Generally electrical or thermal precipitators are used for this purpose; in 
either case, because of the high electrical or thermal conductivity of the metal gauze as compared with the 
supporting organic film, the particles settle predominantly on the gauze wire and cannot be photographed under 
the electron microscope. This leads to considerable errors in counts of the settled particles. This effect is even 
more prominent with the use of metallic diaphragms with narrow orifices[1]. Moreover, our observations of 
thermal precipitation show that in certain cases the tendency to settle on the wires is somewhat more pronounced 
in large particles and aggregates than in fine particles, and this may lead to errors in determinations of the 
particle-size distribution of aerosols. The method proposed by Cartwright [2] — precipitation of aerosols on cover 
glasses coated with Formvar, and stripping of the latter — is very laborious and has a number of disadvantages. 


We use the following method, free from the 
above-mentioned faults, for thermal precipitation. 
A circle of diameter equal to the diameter of the 
cylindrical thermal precipitator inserts, and with a 
round orifice 2.2 mm in diameter in the center, is 
cut from copper gauze of 180-200 mesh. The circle 
is straightened and flattened somewhat by pressing at 
150 kg/ cm’, a collodion film is appliéd onto it by 
the usual method, and it is then placed on the insert 
end and put in the thermal precipitator. The heating 
is effected by a steel strip 0.1 x 1.0 mm in section 
(precipitators with wires are unsuitable, as in them the 
film bursts owing to uneven heating). Precipitation 
of the aerosol may be regarded as complete if the 
width of the band of precipitate is less than the width 
of the strip. The illustration shows a photograph of a 
precipitate of ZnO smoke obtained by this method under the following conditions: distance between strip and 
film 0.15 mm, width of the open section of the strip 8 mm, heating current 1.8 amp, suction rate of aerosol 8 cc/ 
minute; width of band 0:3 mm. 


If required, the precipitate may be examined under the optical microscope, and it is then mounted for 
electron microscopy. For this, a circle of copper gauze (pressed as described above) 2 mm in diameter is placed 
on the object glass, and covered by the circle with the precipitate in such a way that the smaller circle is within 
the film-coated 2.2 mm orifice in the large circle. The film is then cut around the periphery of the orifice with 
a sharp needle, when the film with the precipitate drops onto the smaller circle; this is inserted in the chamber 
of the electron microscope, and then examined in the usual way, Failures with this procedure are very rare. 


Scientific Research Institute for Nonferrous Metals, Moscow Received July 18, 1958 
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BOOK REVIEW 


TABLES OF LIGHT SCATTERING FUNCTIONS FOR SPHERICAL PARTICLES, 
DETROIT 2, MICHIGAN, 1957, 162 pp., $5.50 


William J. Pangonis, Wilfried Heller, and Arvid Jacobson } 


Exact formulas of the electromagnetic theory of light diffraction by spherical particles were used for cal- 
culation, by means of electronic computers, of partial-wave amplitudes for spheres with relative refractive index 
min the 1.05-1.30 range. This includes relative refractive indices in the visible region for a number of solids and 
liquids in liquids (suspensions and emulsions), ice in air, etc. The tables give, to six decimal places, the real and 
imaginary components of the amplitudes of the electrical and magnetic partial waves for the following combina- 
tions of mand p (p = 27a/); a is the radius of the sphere; ) is the wave length). 


TABLE 1 
m e 
1,05 0,2 (0,2) 7,0; 7,0 (4) 15; 22 (2) 28: 39 (1) 41 
1,10 0,2 (0,2) 7,0; 7,0 (1) 24 
4,15 0,2 (0,2) 7,0; 7,0 (4) 15 
4,20 0,2 (0,2) 15,2 
1,25 0,2 (0,2) 7,0; 7,0 (4) 15 
1,30 0,2 (0,2) 7,0; 7,0 (1) 15 


The usual presentation is used in Table 1 — the increments of p used for a particular range are given in 
parentheses. 


_ In addition to partial-wave amplitudes, the tables give the relative scattering coefficient K, for the same 
values of p and m. The relationship between this coefficient and the "turbidity" (scattering coefficient of unit 
volume) is represented by the formula 7 = 1 a’K.N. Here N is the number of particles per unit volume. In 
materials of considerable m weakening of the light beam is due only to scattering (there is no absorption). There- 
fore the values of K, and T given in the tables also give a measure of weakening. 


The principal data in the tables — amplitudes — are necessary for calculation of scattering indicatrices. 
Such calculations may be performed with the aid of tables for angular functions. These functions are expressed 
in terms of associated Legendre polynomials, detailed tables of which are available (Mathematical Tables Project, 
N. Y., 1945). Calculated tables of angular functions have been published recently. In particular, they were cal- 
culated by us and given in the book "Light Scattering in Turbid Media” (GTTI, 1951). However, it is true that 
calculations of intensity even from available amplitudes are extremely tedious, especially for large p. 


The new tables form a substantial contribution to colloid optics. They supplement earlier tables published 
by the Bureau of Standards, which cover values of m in the 1.33-2.00 range, and also the tables of Gumprecht and 
Sliepcevich. It is therefore now possible to calculate scattering for m between 1 and 2. The value m = 1.20, 
considered in the new tables, was also considered previously in the Gumprecht — Sliepcevich tables. 


125 


TABLE 2 


| Gumprecht~ 
New tables |sliepcevich A 
Case | tables 
p= 6) nest 0, 448656 0, 448596 60 
Re (Bn) RD EES —VU , 4400 
aaa oe 0,322014 | 0,321983 34 
oe 0,045921 | 0,045882 39 
ot ie 0,462686 | 0, 462644 42 
ee 0,351772 | 0,351468 304 


Our comparison for the 9 corresponding values of p showed that in most cases the difference between the 
amplitudes given does not exceed one unit in the last figure. 


Unfortunately, there are also some instances of considerable discrepencies. Some of these are given in 
Table 2. 


The last column gives the differences between the new and old tables, inunits of the sixth decimal place. 


These discrepancies are not even mentioned in the new tables. The reader can therefore only guess which 
of the amplitudes is correct. It is true that for applications of the theory these discrepancies are not significant, 
_as they are beyond the limits of experimental accuracy. 


The small increments of p (A p = 0.2) used in the new tables (for p<7) allows of study of a number of fine 
scattering characteristics which could not be investigated with the earlier tables. This is the great merit of the 
valuable compilation made by the three American authors. 


K. S. Shifrin 
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ON THE SEVENTIETH BIRTHDAY OF 
IVAN NIKOLAEVICH ANTIPOV-KARATAEV 


The past year (1958) marked the 70th birthday and the completion of 35 years of scientific and social 
activity of one of the most eminent of Soviet colloid and soil scientists, distinguished scientific worker and full 
member of the Academy of Sciences Tadzhik SSR, Professor Ivan Nikolaevich Antipov-Karataev, 


Born in the Sterlitamak district of the former Ufa province, he began his working life as a country teacher. 
In 1926 he graduated in pedology and agricultural chemistry at the Moscow University, and since that time he 
has worked in the Soil Institute of the Academy of Sciences USSR as head of the Laboratory of the PhysicalChem- - 
istry of Soils and Soil Colloids. During this time he has published more than 270 papers on various aspects of soil 
science and agricultural and colloid chemistry. His work in the field of physics and chemistry of soil colloids 
has proved particularly fruitful. Together with his associates he has carried out a considerable number of obser- 
vations and researches in this field, the scientific significance of which has been acknowledged both in the Rus- 
sian and in foreign literature. The results of these researches were summarized in his monograph: "Soil Colloids 
and Methods for Their Investigation,” and in numerous articles and notes published by him in the chemical and 
agricultural-chemical literature. He is a good experimentalist; jointly with others he has developed methods for 
electrolysis and electrodialysis of soils, and has devised original techniques for studying the sorption of vapors and 
gases by soils; he has provided a theoretical basis for methods of determination of bound water; he has made a 
thorough study of peptization and coagulation of soil colloids; revealed the factors determining charge reversal 
in soils; studied the role of the specific surface of soils and methods for its determination, etc, The most impor- 
tant of these methods were published in the monograph: "Modern Methods for Investigation of the Physicochemi- 


cal Properties of Soils.” 


Broad application of the principles of colloid chemistry to soil research enabled him to carry out a number 
of original investigations into the nature of soil aggregates. Apart from their theoretical interest, these investi- 
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gations are of great practical importance, since they not only reveal the mechanism of structure formation in 
soils, but provide the basis for the design of agriculturally valuable soil structures. 


Questions relating to the theory and applications of ion exchange occupy a prominent position in his work, 
These questions are closely associated with the problem of the sorptional capacity of soils and ion-exchange equi- 
libria, Antipov-Karataev and his associates have carried out a considerable number of investigations in this field, 
and were the first to determine the basic criteria for ion-exchange equilibria in soils and clays and to establish 
the relationship between these criteria and the soil properties and nature of the ions, He was one of the first to 
detect the so-called hysteresis of exchange adsorption, and offered a correct explanation for the effects concerned; 
he devised the most successful technique for studying ion-exchange adsorption under dynamic conditions. This 
technique was used for studying the mechanism of exchange adsorption of anions on soils and clays, and for de- 
termination of the quantitative relationships governing the exchange of ions of different valences. On the basis 
of these researches, methods were developed during the war years for extensive utilization of soils as ion~exchange 
sorbents suitable for use as natural means of defense against chemical warfare. 


An original technique was developed under his guidance for isolation and analysis of soil solutions, and a 
technique of x-ray thermal investigation of soils and clay minerals, which is extensively used in laboratory prac~ 
tice. 


His scientific interests are very extensive and varied. He made investigations, conducted over many years,on 
amelioration of solonetz soils. These investigations are widely known not only in the Soviet Union, but also abroad, 


They include theoretical studies of the problem of saline soil formation, questions of their origin and geographi- 
cal distribution in the USSR, development of solonetz formation in the chernozem zone and in semidesert zones, 
methods for determination of soil salinization, and amelioration of solonetz soils under dry and irrigated condi- 
tions, 


As the result of thorough and prolonged studies of the physicochemical properties of solonetz soils,he de- 
veloped methods for their radical improvement, which are being increasingly applied in collective and state 
farms, These methods were approved by the Council of Ministers USSR and recommended for extensive trials 
and use in zones of chestnut and brown soils. The results of these researches were extensively announced in the 
special and periodical literature, and presented in the well-known monograph "Amelioration of Solonetz Soils 
in the USSR," which summarizes many years of work by Antipov~Karataev and his associates. 


In addition to his work on colloid and agricultural chemistry, he conducted a number of fundamental re- 
searches into problems of soil geography; his work on the soils of the Nikitskii Gardens and the Taman" peninsula, 
and investigations of the soils of the Volga region, Ergeni, Tebertsy, the Vakhsh Valley, Eastern Pamir, Bulgaria, 
and other regions and provinces are widely known in the pedological literature. In recent years he has applied 
considerable efforts to organization and conduct of researches involving the use of stable and radioactive isotopes 
in pedology. The results of these researches were reported at the Geneva International Conference on the Peace- 
ful Uses of Atomic Energy. 


He always aims to correlate his theoretical and experimental investigations with applied problems of pedo- 
logy and agriculture, With this aim in view he took active part in work on soil stabilization in the Kalmyk 
Steppes, Tadzhikistan, Kamennaya Steppe, and other regions of the aridsouth-east, He is also studying, with the 
same purpose, the forest growth conditions of Ergeni, where experimental work on artificial afforestation of steppes 
is being organized on a wide scale, 


He devotes much effort and attention to training new ranks of specialist chemists. Several doctorate and 
candidate dissertation researches were carried out under his guidance. 


Antipov-Karataev does much social work. He is a member of the Higher Certification Expert Commission, 
a member of the editorial boards of the journals Pedology, Colloid Journal, and Popular Literature, a member of 
the agriculture section of the Lenin All-Union Academy of Agricultural Sciences, a member of the Pedological 
Society, and a member of the Scientific Council of the Soil Institute, Academy of Sciences USSR. 


His fruitful scientific activity has been repeatedly acknowledged by government departments; he has been 
awarded four Orders of the Red Banner of Labor and several medals, 


I. P. Serdobol’skii 
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INVESTIGATION OF EXCHANGE REACTIONS IN SOILS 


WITH THE AID OF A CALCIUM ISOTOPE 


I, N. Antipov-Karataev and G. M, Kader 
The V. V. Dokuchaev Soil Institute, Acad, Sci. USSR, Moscow 


The science of exchange adsorption of cations has a variety of applications in soil amelioration and in 
particular in irrigation, where the problem of the quality of the irrigation water is extremely important. 


It is known that the quality of irrigation water must conform to certain requirements: 1) it must not con- 
tain toxic organic or inorganic substances; 2) its degree of mineralization by neutral salts must not exceed 1.5- 
2.0 g/liter [1]; 3) to avoid development of salinization effects in the irrigated soils as the result of exchange sorp- 
tion of sodium ions from the irrigation water, the content of sodium salts must not exceed a definite proportion 
of the contents of salts of bivalent cations (in particular, calcium). 


Whereas the first two problems may be regarded as more or less solved, there is still some uncertainty with 
regard to the third [2, 3]. Some workers consider that, regardless of the degree of mineralization of the irrigation 
water, a critical equivalent ratio of sodium salts to calcium (and magnesium) salts becomes established from a 
value of =0.6, However, this value can hardly be regarded as generally accepted. In determinations of the crit- 
ical value at least three questions must be considered: 1) what is the amount of exchange sodium (as % of the 
soil exchange capacity) at which the first (initial) stage of salinization appears; i.e., at which disaggregation of 
the soil and peptization of the clay fractions (and humus) begins; 2) what is the equivalent ratio of sodium ions 
(or other univalent cations) to calcium (or other bivalent cations) in the irrigation water,at which exchange sorp- 
tion of sodium ions takes place in quantities which may be regarded as critical, i.e., causing initial stages of 
soil salinization; 3) what is the dependence of this quantity on the degree of total mineralization of the irrigation 
water and on the exchange capacity of the soil. The first of these questions was answered in two ways: a) by the 
plotting of dispersity curves for soils saturated with exchange sodium and calcium (or a mixture of calcium and 
magnesium) at different equivalent ratios, with parallel determinations of zeta potential (Fig. 1); b) by determi- 
nation of the threshold of irreversible coagulation of a solonetz soil suspension by means of gypsum solution 
(CaSO, - 2H,O) with simultaneous determination of the residual exchange sodium in the soil (Fig. 2); see also[4]. 
On the basis of the most recent data we take the initial salinization stage of loam soils to occur in presence of 
exchange sodium in an amount equivalent to 10% of the exchange capacity. 


It is first necessary to determine the cation-exchange capacity of the given soil. For this is required a 
universal method which can be used for determination of the exchange capacity of any soil (acid, neutral, carbon- 
ate, saline). The isotope method [5] solves this problem quite satisfactorily. 

To solve the principal problem — determination of the ameliorative quality of irrigation (and leaching) 
water — it is necessary to study the competing proportions of sodium ions and bivalent ions (mainly calcium) in 
the solution (irrigation water) used for treatment of the soil until adsorption equilibrium is reached. 


In a series of special investigations conducted in our laboratory under conditions of strictly equivalent and 
reversible cation exchange in soils, the exchange constants were determined and calculated by means of the mass- 
action law (Table 1). 


The exchange constants given in Table 1 can be used to calculate the required competing proportions of 
sodium ions and bivalent cations in the given systems, However, in view of the fact that the processes taking 
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place in competitive soil systems are sometimes complex, we recommend the use, in addition to the calculation 
method, of a direct experimental method which is based on our investigations of samples of chernozem soil of 
sorption capacity 58.15 meq/100 g, and a chestnut soil of sorption capacity 31 meq/100 g. A series of soil sarn- 
ples was treated with solutions of a mixture of calcium and sodium chlorides at concentrations of 1, 3, and 5 g 
per liter, and with different equivalent ratios of ca" to Na’: 4: Laie 2, Le Leon Ocean eek 


The adsorbed sodium was determined by flame photometry after quantitative displacement by means of 
dilute HCl solution (in the case of the noncarbonate soil) or 60% ammonium chloride solution in alcohol (in the 
case of carbonate soils) [6]. The results of determinations of adsorbed sodium are given in Table 2, 


It follows from Table 2 that the "critical" ("solonetz") content of exchange sodium depends on the degree 
of mineralization of the water and on the equivalent ratio of sodium to calcium ions in the solution. When the 
mineral content is 1 g of salts per liter of irrigation water, the "critical" ratio is shifted in the direction of higher 
amounts of sodium (to 75-80%); with 3 g of salts per liter,the "critical" value becomes ‘established with 60% of 
sodium in the solution: when the mineralization is 5 g/liter with 50% of sodium in the solution,the soil salinity 
increases even more. This relationship can be represented by the linear equation: 


[Ca] 


bias Ghat 


tC == 


where x is the [Ca]/ [Na] ratio; k is the slope factor, 0.23; c is the mineral content of the solution in g/ liter; the 
subscript 10 represents the critical [Ca]/ [Na] ratio at which the amount of adsorbed Na reaches 10% of the ex- 


change capacity. 

We thus propose to introduce substantial corrections into the existing standards for qualitative and quantita- 
tive evaluation of irrigation and leaching waters, based on data on the degree of mineralization of the water, and 
probably with the exchange capacity of the soil taken into account. The data in Table 2 suggest that the risk of 
solonetz formation developing under given conditions increases with decreasing cation-exchange capacity of the 
soil, However, further work on this is needed, 


Instead of exchange sodium, exchange calcium can be determined in oe samples; this is easily done by 
tagging the solution (or water) by means of radioactive calcium isotope (Cat “i 


Table 3 contains comparative data obtained in experiments with mixed solutions of NaCl and CaCl, and 
chestnut soil. 


On the basis of these results we recommend the following method for evaluation of the ameliorative qual- 
ity of irrigation (and leaching) waters: 
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TABLE 1 


Exchange Constants (K) of the Systems Studied 


Values of K in presence of salts 


Samples rpece ee os a iw 
SrGly ; NaC] 
Humus soil 7 Ca soil 0,8(3)* 2.04 = 2.70 4.55 15.41 
Ca clay sae eoOr Leo 2.85 ee 


PYM A. Polyakov's data; the remaining values of K were determined by I. N. 
Antipov~Karataev. 


TABLE 2 


ieee Eeanle in Percentages of the Soil Exchange Capacities at Different Ratios of 
LG: a’ y to [Na *7 in Solutions of Different Concentrations 


Salt con- Amount of adsorbed Na, pin %, at t[Ca"*): :[Nat] ratios in solutions 
cent ration, Ch he 4 Pl See eee bs eee S Rt ee ae 
yf liter 431 322 UGA Disks r 337 = 1:4 


Chernozenr soil (noucarbonate) 


1 Traces 3.6 45° 5.5 1.9 9.0 
3 Tas 3.6 9.0 10.0 11,1 19.3 
5 Traces 3.6 13.3 14.3 T5 et sonore 


Carbonate chestnut soil 


3 asa [o— Pek eo rae ae le 28 Om sla 


1. A sample (from 10 to 50-100 g, according to the exchange capacity) of soil is treated in a funnel with 
the water under test, tagged with ca isotope, until equilibrium is reached (as shown by the activity of the elu~ 
ate). 

2. The funnel with the soil sample is kept in a moist atmosphere (under a glass bell over water) and its 
weight is found, from which the amount of free solution of known calcium content held by the soil is calculated, 


3, The exchange calcium is displaced and determined quantitatively by the isotope method. A correction 
is applied for the calcium content of the free solution held by the soil sample. 


4, The exchange capacity of the soil is determined separately, by the isotope method. 


5. The deficiency of exchange calcium as a percentage of the soil sorption capacity is found by difference. 
If this deficiency exceeds 50% of the exchange capacity, then the water used, containing over 2 g of salts per 
liter, requires improvement in the ameliorative sense. 

6. A preliminary assessment of the water quality may be based on the results of direct analysis by means 


of the equation [Ca]/ [Nat = kc. 


SUMMARY 


1. A method is proposed for amelioration assessment of irrigation (and leaching) waters, based on treatment 
of a soil sample with the solution (irrigation water) and subsequent determination of exchange sodium or exchange 
calcium. The latter can be readily effected if the solution (or water) is tagged with radioactive calcium isotope 


(ca), 
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TABLE 3 


Comparative Determinations of the Salinity of Soils Treated with Sar CaCl, + NaCl 
Solutions (total salt concentration 3 g/ liter) by the Isotope Method ca ), by Calcium 
Deficiency and by the Amount of Exchange Sodium : 


Found in meq/100 g of soil Salinity as 


Ratio of [Ca’*]:[Na*] calcium defi- > eee % of soil 
in the original solution ciency by iso- 6 exchange 
sodium aps 

tope method capacity 


* Soil exchange capacity in this experiment was 27 meq/100 ge 


2. Calcium deficiency in a given soil (or, which is the same thing, “salinity” of the soil with respect to 
alkali cations) is found from the difference between the soil sorption capacity and the amount of exchange cal- 
cium found. 


3. A relationship has been established experimentally between the critical value of exchange sodium 
(10% of the exchange capacity) and the total mineral content of the water (in g/liter), which can be used for 
preliminary qualitative assessment of waters. 
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VISCOSITY OF ENAMELS FOR STEEL 


K.P. Azarov and-S. B. Grechanova 


Enamels Laboratory, the S, Ordzhonikidze Polytechnic 
Institute, Novocherkassk 


Problems of boronless ground coats and borate single-coat enamels for steel and cast iron have been attract- 
ing the attention of investigators for many years. Both kinds of coatings are liable to blistering and holes, i.e., 
faults associated with gas evolution during firing of the coats. The main source of gases is known to be the car- 
bon in steel, which becomes oxidized during the firing process. Since boronless ground coats and borate single- 
coat enamels blister on the same steel, whereas borate ground coats are free from this fault, the cause of blister- 
ing must be sought in the properties of the enamels. It is clear that degasification of the coating must depend 
on changes in the enamel viscosity owing to dissolution of the scale during firing. However, the very important 
question of the role of viscosity in formation of the coating has not been solved. The published viscosity data 
(1) generally apply to enamels free from iron oxide, and only three papers [2] are concerned with the influence 
of the latter, In all cases the investigations were performed at high temperatures, considerably above the 
temperatures at which the ground coats begin to form and blistering commences, and therefore they cannot form 
a basis for conclusions concerning the causes of these faults. 


In the present investigation the viscosity in the softening region has been studied for the following indus- 
trial enamels used for coating steel: borate (b) No. 18, No. 124, No. 210; boron-free (b/f) No. 35" , No. 27", 
No. 16;titanium (Ti) No..121,174; also ground coats, and single-coat (s/c) titanium borate enamel No. 189. On ac- 
count of the interaction between the enamel melt and the oxidized steel surface, the viscosities of enamels fused 
with 5, 10, 15, and 20%, and in some cases with 2 and 25%, of ferric oxide were determined. The known fiber- 
elongation method was used for the viscosity measurements [3]. 


Figure 1 shows that the boron-free enamels have lower viscosities than the borate or titanium enamels. At 
constant temperature in the softening range, borate and titanium ground coats soften at a uniform rate, whereas 
retarded softening is characteristic for boron-free ground coats and single-coat titanium borate enamel (Fig. 2). 
This anomaly indicates that these enamels tend to crystallize, and in consequence the melt becomes a disperse 
system with plastic properties, This effect was first discovered by Volarovich [4] for blast-furnace slags contain~ 


ing titanium. 


A sharp difference between borate ground coats on the one hand, and boron-free ground coats and borate 
single-coat enamel on the other, is also revealed on addition of ferric oxide. The viscosity isotherms (Fig. 3) 
show that borate ground coats are characterized by a viscosity decrease on addition of ferric oxide, whereas the 
viscosity is increased considerably in the case of boron-free ground coats. The viscosity of No, 189 s/c enamel 
decreases only with a small addition of ferric oxide (5%). Increase of ferric oxide content results in strong crys- 
tallization with a consequent sharp increase of enamel viscosity. Thus, even with 10% added ferric oxide, the 
viscosity could not be determined, as the fibers do not stretch. It should be noted that copper oxide, in contrast 
to ferric oxide, lowers the viscosity instead of raising it when added to No, 35 b/f and No, 189 s/c enamels 
(Fig. 4). Consistently with this, additional experiments on blistering of enamels in presence of a gas formed 
(graphite) showed that No, 35 b/f and No. 189 s/c enamels blister less with copper oxide than with ferric oxide 


(Fig. 5). 


*V. P. Vaulin’s compositions. 
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* 560 600 640 680 720 °C 
Fig, 1. Viscosities of enamels in the 
softening range. 
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Fig. 3. Viscosity isotherms of borate 
and boron-free enamels fused with fer- 
ric oxide. 
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Fig. 2, Elongation rate during isothermal 
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Fig. 4. Effect of copper oxide on the vis- 
cosity of No. 35 b/f and No. 189 s/c en- 
amels. 


The viscosity increase of boron-free ground coats in addition of ferric oxide may be due both to formation 
of FeQ} and FeO3” groups [5] and to crystallization of the melts. In boron-free enamels, which are more basic 
than borate enamels [6], the coordination number of iron is probably small, corresponding to the presence of 
FeO, and FeOs_ glass-forming groups,which strengthen the network and raise the viscosity. The sharp increase 
in the viscosity of No. 189 s/c enamel may be attributed to the fact that this enamel is supersaturated with crys- 
talline formations (anatase, rutile, titanosilicates), and small additions of ferric oxide intensify crystallization. 


At high temperatures iron acts as a modifier rather than as a glass former and therefore, as supplementary 
experiments showed, it lowers the viscosity of both borate and boron-free enamels. The increase in the solubility 
of ferric oxide with the temperature, demonstrated in other experiments” , in its turn diminishes the elasticovis- 


cous properties. 


In the light of these results the blistering of an enamel coating on steel may be described as follows. Dur- 
ing the initial firing stages,ground coats and single-coat enamels come in contact with the oxidized steel surface. 
As the result of interaction between the coating and the scale, the viscosity of boron~free ground coats and tita- 
nium borate single-coat enamels rises sharply in the thin layers adjacent to the metal. The high viscosity of the 
bottom layer hinders the escape of gases formed as the result of oxidation of the carbon in steel. As a result, 
large blisters are formed in the coatings; these subsequently burst and leave holes, In normal borate coatings the 
viscosity in this thin layer decreases; this favors formation of small bubbles which can escape freely from the coating, 


* Performed with the assistance of V. V. Balandina, 
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SUMMARY 


z = 


1, High viscosity is not a characteristic feature 


"E 
1) 
- q of boron-free enamels. Under these conditions borate 
= an ground~coat enamels soften uniformly with increase of 
3 3 soy heating time, whereas the softening rate of boron-free 
a 40 ground coats and single-coat enamels slows down; this 
‘So iS jo is evidence that boron-free and single-coat enamels 
® Bop have a tendency to crystallization. 
=~ 2. At the softening temperature ferric oxide raises 
Time, min, the viscosity of boron-free ground coats and single-coat 
Fig. 5. Blistering, at 800°, of No. 189 s/c and borate enamels, and lowers the viscosity of borate ground 
No, 35 b/f enamels with additions of 15% ferric coats, 


oxide + 2% graphite, and 15'/ copper oxide + 2% 
graphite: 1) No. 35 b/f +15'%/Fe,O3 + 2%C, 2) No. 
189 s/c +15%oFe,Og + 2°%C, 3) No. 189s/c +15% 
CuO + 2% C, 4) No. 35 b/f + 15% CuO + 2%C, 


3. Copper oxide lowers the viscosity of boron- 
free ground coats and single-coat borate enamels, and 
therefore these coatings do not blister on copper. 


4, The blistering of enamels on steel is caused 
by a sharp increase in the viscosity of the coatings be- 
cause of saturation with scale of the thin layer adjacent to the oxidized steel. 
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THE STABILIZING ACTION OF SILVER IONS ON ALBUMIN 


Se Oe asilveweaintd Vi. Vi. Yursh ina 


The Technological Institute for Light Industries, Moscow 


The interaction of protein molecules with heavy-metal ions has often been studied [1]. In particular, it 
is known that considerable concentrations of Ag* ions lead to complete coagulation of albumin. We were inter- 
ested in the nature of the action of silver tons on protein solutions when each protein molecule adsorbs only a 
small number of these ions. For elucidation of this question, 1 N silver nitrate solution was added dropwise to a 
dialyzed and electrodialyzed solution of crystalline egg albumin (prepared by Hammarsten's method). In con- 
trol experiments an equal amount of silver nitrate was added to pure water of the same conductivity as the origi- 
nal protein solution. After addition of the silver nitrate the conductivities of the protein solution and the control 
solution were determined, The results are given in Fig. 1. 


The adsorption can be calculated from the equation 


Cx 
NV te 
where V is the volume of protein solution, or of water in the control experiment, to which a volume x of silver 
nitrate solution of concentration c has been added. If any possible adsorption is disregarded, the silver concen~ 
tration in the solutions obtained is n = c-x/V +x. If there is no adsorption, the conductivity of the protein solu- 
tions obtained would be equal to the additive conductivities of the control solutions. However, it is clear from 
Fig. 1 that the conductivity of mixtures of protein solutions and silver nitrate solutions is appreciably lower than 
the conductivity of control solutions. This indicates that part of the silver is bound by the protein and, in any 
case, there is no exchange between the adsorbed silver ions and the more mobile hydrogen ions, It is therefore 
assumed that this adsorption is molecular in character, i.e., not only silver ions but also their corresponding NOx 
ions are lost from the solution by adsorption. 


Suppose that as the result of addition of a volume x of silver nitrate to volume V of protein solution the 
conductivity of the solution formed is z. It is easily seen in Fig. 1 that a control solution formed by addition of 
x’ volumes of silver nitrate to V volumes of water has the same conductivity z. The silver-ion concentration of 
this solution is n’ = c-x'/V + x’. It follows that A =n~—n' gram-atoms of silver is lost from a liter of the pro- 
tein solution as the result of adsorption. The molecular weight of albumin M & 34,000, while a liter of the pro- 
tein solution containsG =10c[V/(V +x)]gof protein, Hence the molarity of the protein is m = G/M. Thus we 
find that the number of silver ions adsorbed by each protein molecule in the experiment is 


The following data are presented as an example. In the experiments indicated in Fig. 1 the protein con- 
centration c = 3.6%, the volume of the original protein solution or water V = 15, and N = 0.1 mole/liter. When 
x = 2, we haven = 11.8- 1073; z =55- 104 (ohm™4), The same value is obtained when a volume x’ = 0.66 of 
silver nitrate is added to water; this corresponds to n' = 4,2° 107°, Consequently, A = 7.6° 10 mole/liter. On 
the other hand, G = 32, and then m& 10~* mole/liter. Therefore a = 7.6, which means that 7-8 silver ions were 


adsorbed on each protein molecule in this instance. 
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Fig. 1. Variation of conductivity with 
ion concentration: 1) solution of Fig. 2. Variation of adsorption 
AgNOsg in protein solution; 2) solution a with the equilibrium concen- 
of AgNOg in water. tration n' of Ag* ions in solution. 


The values of a found for different values of 


Appearance of » n' are given in Fig. 2. 
luti 
oes tee It should be noted that the protein solution did 
Clear not undergo coagulation in these experiments, These 
small additions of silver nitrate even stabilized the 
The same solution, which could be heated at 60° and higher for 


several hours without turbidity. Coagulation occurred 


S bid 
pee only after large additions of silver nitrate. This is 


Solution with seen in the results of the experiments given in the 
protein pre- table. In contrast to the experiments detailed in 
cipitate Fig, 1, in this case x volumes of 1 N solution of silver 

nitrate and y volumes of water were added to the ini- 

The same 

tial volume V of protein solution, so that n = c xf 
ee (V+x+y). 
" Ww 


Determination of silver in a solution from which 
protein was precipitated showed that coagulation occurs 
when each protein molecule has adsorbed 30 silver ions. 


This leads to the conclusion that small amounts of adsorbed silver stabilize protein molecules, whereas 
with large amounts of adsorbed silver,coagulation replaces stabilization. 


This fact is especially interesting because small doses of metal ions are known to have special biological 
and even therapeutic effects, opposite to the effects of large doses of ions of the same metals. 


In conclusion, we may note that our preliminary experiments showed that gold ions adsorbed in small 
quantities on proteins also have a stabilizing effect, whereas copper and lead ions do not have this effect. 


SUMMARY 


1, The stability of protein solutions to the action of heat is increased by adsorption of small amounts of 
silver. The stabilizing effect is replaced by coagulation with increase of the amount of adsorbed silver. 


2. Coagulation occurs when 30 silver ions have been adsorbed by each albumin molecule. 
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INVESTIGATION OF THE VISCOPLASTIC PROPERTIES 
OF BUILDING MATERIALS 


Vi Va Veasil”ev-a 


Moscow Institute of City Construction Engineers 


Design calculations and operation of machines and mechanisms require a knowledge of the physicome- 
chanical and,in particular, the rheological properties of the materials (including mortars treated and conveyed 
in such machines), Mortars are typical disperse systems, The physicomechanical properties of various disperse 
systems have been studied in considerable detail [1-5]. 


However, the rheological properties of building materials have been studied very little,as yet [6-10]. 
Plastér mortars have not been studied at all in this respect. The appropriate investigations were therefore neces~ 
sary in connection with mechanization of plastering operations. 


The rheological properties of building suspensions, as of many other disperse systems, are characterized ° 
by the plastic viscosity Np] and the yield value ©, in accordance with the Shvedov — Bingham equation for visco~ 
plastic flow. These characteristics are conveniently determined under conditions of simple shear of the sub- 
stance in the gap between rotating coaxial cylinders. Such conditions are obtained in rotational viscosimeters, 
which can be used for performing investigations in steady flow conditions. The time required for performing 
measurements in rotational viscosimeters is not great, and is considerably less than the time in which the struc- 
ture of mortars undergoes change. Various types of rotational viscosimeters have been used for determinations 
of the rheological properties of disperse systems. The most convenient instrument for determination of the yield 
value © and plastic viscosity 1p1 of mortars is the Volarovich RV-4 rotational viscosimeter [1, 11]. This instru- 
ment was used for determination of plastic viscosities and yield values of lime mortar and lime — sand, and lime~ 
cement — sand mortars, and for studies of their variation with time from the instant of mixing, moisture content, 
content of filler (sand), and temperature. In all cases the pastes were stirred after being put in the viscosimeter 
cylinder in order to eliminate thixotropic effects, 


In investigations of changes of the viscoplastic properties of lime mortar with time from the instant of 
mixing, all other factors which might influence these properties were excluded. The lime mortar (made with 
finely ground quicklime) was mixed under laboratory conditions,and variations of © and 7, were determined at 
24-hour intervals at 18-20°, The lime mortar had the same water content W, 46.7%, in all the experiments. 
The values of © and Mp1 (average of 5-6 determinations) are given in Table 1. Values of the plasticity }, after 
Volarovich [1], such that ¥ = ef y» are also given. Values of » have recently been used on a number of occa- 
sions for characterization of plastic disperse systems [10, 12]. 


It is clear from Table 1 that the yield value of lime mortar increases somewhat more rapidly than the 
plastic viscosity. This is because the yield value of a disperse system is highly sensitive to structural changes. 
In general, the variations of © and 1,,; for lime mortar with time are small as compared with cement paste. 

It has been shown [10] that © for cement paste increases by a large factor in a few hours, In the case of lime 
mortar © and np) increase only 2- to 4-fold in 15-20 days, The explanation is that cement paste passes through 
two stages of structure formation separated by a very short time interval — formation of a coagulation structure, 
and structure reinforcement associated with crystallization, In the case of lime mortar a coagulation structure 
is formed very slowly, and if the mortar is stored without access of air the second stage may not occur at all. As 
Table 1 shows, the plasticity » of lime mortar increases somewhat with time; its absolute value was of the order 
of 30-40. Comparison of the value of » for lime mortar with the values for the plasticity of other materials 
(clays, peat, paints, dough, etc. [13]) shows that lime mortar has considerable plasticity. 
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Fig. 1. Effects of moisture content W on Fig. 2. Effects of sand content (c) in lime — 
the plastic viscosity Nyy» yield value 0, sand mortar on the yield value © and plastic 
and plasticity » of lime mortar. viscosity 1 p}- 


Variations of the rheological properties of lime mortar with the moisture content are plotted in Fig. 1. 
Lime mortar aged about two years was taken from a slaking pit in this case. The influence of time was there- 
fore excluded. The determinations were performed at constant temperature (18-20°), The experiments showed 
that the yield value decreases more rapidly than the plastic viscosity with increase of moisture content. With a 
14% increase of the amount of water in the lime mortar, © decreased by a factor of 3.5, while Np] decreased by 
only 20%, As a result, the plasticity of lime mortar greatly diminishes with increase of moisture content. 
This is in agreement with results obtained for peat [14]. 


The viscoplastic properties of 1:3, 1:4, and 1:5 lime ~ sand mortars were also studied, The mortars were 
prepared under laboratory conditions. A lime mortar aged 16-17 days, the properties of which are described 
above, was taken in all cases. The sand was previously dried and passed through a sieve of 1.2 X 1.2 mm mesh, 
For preparation of the mortars of the above compositions, 3, 4, and 5 volumes of sand and one volume of water, 
respectively, was taken per volume of lime mortar; the components of each mortar were then stirred thoroughly 
until a homogeneous mass was obtained, A little more water was then added to the 1:4 and 1:5 mortars to give 
equal consistencies as measured by the cone test of the Central Scientific Research Laboratory of Constructional 
Materials, and the mortars were stirred again. Samples of the mortars were then dried to constant weight for de- 
termination of moisture content (Table 2). 


The rheological characteristics of lime ~ sand mortars decrease rather more slowly than those of lime mor- 
tar with increase of water content. This is demonstrated quite well by the numerical data in Table 2. For ex- 
ample, when the water content of the 1:5 mortar is increased by 24.5%, © decreases by one-third, while 7 1 
decreases by only 7%, Therefore,the plasticity » = O/n pl Varies, on the whole, in accordance with variations of 
©, i.e., it decreases with increase of moisture content, as in the case of lime mortar. 


The data in Table 2 were used to plot, in Fig. 2, the yield values and plastic viscosities of lime ~ sand 
mortars against their sand contents (at constant moisture contents of 15 and 30%). In the case of 30% moisture, 
points for the original lime mortar (c = 0), found by extrapolation of the curves in Fig. 1, are also shown, It 
follows from the data for 30% moisture that addition of sand increases © only slightly at first, and subsequently 
the yield value increases sharply for the 1:4 and 1:5 mortars only. Thus, on addition of the first three volumes 
of sand,© increases by about 10%, and on further addition of two volumes of sand the yield value increases by 
40%, For mortars containing 15% moisture, © increases by 50% over the range of three to five volumes of sand. 
With regard to the plastic viscosity ‘pl (see Fig. 2), this even falls somewhat at first, on addition of three vol- 
umes of sand to the lime mortar, and then rises a little on further addition of sand (1:4 and 1:5 mortars). How- 
ever, it is seen that,in general, the change of n pl is not large. This shows once again that plastic viscosity plays 
a subsidiary role in viscoplastic flow of structurized disperse systems, the principal role being played by the yield 
value. 
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TABLE 1 


Variations of Yield Value (6), Plastic Viscosity (n pl» and Plasticity (~) 
of Lime Mortar with Time After Mixing 


Time after mixing 


Rheological 
parameters 


6 in dynes/ cm? 852 
pl in poises 21.6 
y= ofp) 39.4 
TABLE 2 


Average Yield Value (6), Plastic Viscosity (yp. and Plasticity (Y) for 
Different Water Contents (W) 


Mortar com- 

position, vol- 9, dynes ; ya! 

ume parts Wi % ema iL) —7I 
Lime — sand mortars 
ie 3 15,0 4218 18,8 64,7 
ated, 1096 17,0 64,4 
28,3 974 16,5 59,0 
2 eee 16,2 1583 49,5 81,0 
24,5 1340 18,8 71,0 
32,0 4156 18,4 63,0 
1=5 10,0 1950 Pale 90,0 
31,8 1350 20,0 68,0 
34,5 1280 19,2 67,0 
Lime — sand — cement mortar 

dele eG 42 2440 26,8 91 

24 41830 24,0 74 

40 41460 20,5 74 

48 4220 19,2 63 


The rheological properties of lime — cement ~ sand mortars were studied in relation to moisture content 
and temperature. Most of the experiments were performed with a 1:1:4 mortar. The mortars were prepared by 
the usual procedure. The determinations were initially performed at 18-20°. Table 2 contains average values 
(from 4-5 determinations) of yield value and plastic viscosity of 1: 1:4 mortar. 


The data in Table 2 show that the rheological characteristics of multicomponent mortars (lime — cement 
sand) have higher values than those of lime and lime ~ sand mortars, This is due to the presence of a second 
binding component, cement. As in the earlier instances, © decreases more rapidly than 7 pl with increase of mois- 
ture content. 

When the moisture content is increased fourfold, © is halved, while n,,, decreases by only 25%, Because 


the yield value falls more rapidly than the plastic viscosity with increase of moisture content, the plasticity 
decreases more slowly than © and somewhat more rapidly than 1p) (Table 3). 


The plastic viscosity of the mortar increases considerably with fall of temperature. Thus, 7 


; is increased 
by a factor of 1.8 when the temperature is lowered by 20°. The yield value of the mortars eae little on tem- 
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TABLE 3 perature. When the temperature is lowered by 20°, 
aati @ increases by only 18%, Most of the increase of © 
EN rte a CR ol a occurs in the 15-5° range, while in the 15-25° range the 
Plestictty GF) of Lime Cement AAas are yield value remains almost constant. Similar results 
it: Gor 7 Boies Conran ee oa were obtained in studies of the rheological properties 


of clay suspensions [15]. 


Temperatures 


Temper- Pad} These results indicate once again that there is an 
ature, °C i important physical distinction between these two para- 
meters of viscoplastic flow in disperse systems. Changes 
of plastic viscosity in this case are primarily determined 
by changes in the viscosity of the dispersion medium, 
water, with changes of temperature. It is known [16] 
that the viscosity of water decreases by 40% over the 
5-25° temperature range. 


The yield value may be regarded as,to some ex- 
tent, analogous to external friction of solids, which re- 
mains almost unchanged with temperature. The plasticity 

: ¥ of multicomponent mortars increases with rise of tem- 
perature. This is because © increases very little with rise of temperature, while the plastic viscosity "pl increases 
considerably. ; 


SUMMARY 


1, In contrast to cement pastes, the yield value © and plastic viscosity pj of lime mortars change slowly 
with time. 


2. As the moisture content of lime mortar increases, © decreases much more rapidly than pl Therefore 
the Volarovich plasticity » = e/np} decreases. 


3. The rheological characteristics © and 1; of lime — sand mortars decrease somewhat less rapidly than 
those of lime mortar,with increase of moisture content. With increase of sand content,O increases much more 
rapidly than Np). 


4, The values of © and 1p) for lime — cement — sand mortars are higher than for lime — sand mortars. 
The value of Mp1 falls considerably while © remains almost unchanged with increase of temperature for these 
multicomponent mortars, 
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STUDY OF THE HYDRATION PROPERTIES AND STRUCTURE 
OF PEAT BY MEANS OF RADIOACTIVE ISOTOPES 


1. HYDRATION PROPERTIES AND STRUCTURE OF PEAT 


M. P. Volarovich and N. V. Churaev 


Chair of Physics, the Moscow Peat Institute 


The hydration properties and structure of peat determine the course of the principal technological processes 
of peat winning, processing, and drying. Solution of one of the main technological problems ~ removal of water 
from peat by natural drainage (filtration), mechanical pressing, or drying — is associated with investigations of 
the forms of binding between water and the solid phase of peat, and the nature of these bonds. Much attention 
has been, and is being,devoted to studies of the hydration properties of peat. However, because of the consider~ 
able difficulties which arise in investigations of peat, which is a complex polydisperse system, many questions 
are still far from a final solution. 


There are several classifications of the forms in which water is bound in peat (those of Dumanskii et al. 
[1]); the most complete is the classification proposed by Rebinder [2]. This is based on differences in the energy 
of bonding between the moisture and the material, and includes chemical, physicochemical, and mechanical 
bonding. The amount of chemically bound water in peat is not large, not more than 10-15%* per gram of dry 
substance [3]. According to modern views, the adsorbed moisture of peat (physicochemical bonding) includes a 
water film 10-20 molecules thick on the surface of the solid phase. There is reason to believe that only these 
boundary layers of liquid have a number of anomalous properties, which distinguish it from the bulk of the liquid 
[4-6]. 


Let us consider, in the light of this theory, the results of determinations of bound water in peat by various 
methods. Korshunov [2] and Volarovich and Gusev [3] used the methods of tensimetric analysis. The amount of 
bound water determined by this method was from 40 to 70% for different peat samples, Somewhat similar results 
were obtained by Pokrovskii and Sinel'shchikov [7] by means of the freezing method, and by Kryukov and Komarova 
[8], who showed that after water is pressed out of peat under pressures of up to 20,000 kg/cm*,up to 50-60% of 
moisture which cannot be removed by pressure remains in it, Somewhat lower values for bound water were ob= 
tained in experiments with dried peat, because of the irreversible structural changes which take place on drying. 
Thus, Apushkin [9] investigated the sorptional moisture capacity of cut peat by tensimetric methods and obtained 
the value 20-25%, Similar results were obtained by Naumovich [10], who used tensimetric and electrophoretic 
methods. Finally, calculations by means of Dumanskii's formula [11], based on the heat of wetting of dry peat 
powder, give the same value, 20-25% per gram of dry substance, 


The most usual method for determination of bound water in peat has been the nonsolvent volume method, 
with sugar as the indicator substance [12]. The results of experiments carried out by Dumanskii et al. [13] and 
later by Dragomirova, Mél', Novikov, and Berezin [14], showed that at a sugar concentration of 30-40% the 
amount of firmly bound water (in Dumanskii's terminology) varies from 25 to 75% for different peat samples. 


* All moisture contents of peat are given as percentages on the dry substance, 
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Despite the differences between these methods, they all give much the same results, Since determination 
of bound water by these methods depends on utilization of its special properties, it may be assumed that they 
determine adsorbed water, the content of which, as shown by the above data, does not exceed 50-70%, It may 
also be shown from the content of bound water Mp = 0.6 g/g, the specific surface of peat S = 30 m?/g, its den- 
sity p = 1.8 g/cc, and the size of the water molecule D = 3 A, that the thickness of the adsorbed water film on 
peat particles corresponds to about 30 molecular layers: 


S My 0,5 x : 
FES s DAB. Oe hOPcae te ve O) 


The order of magnitude of the result confirms the above assumption. 


By the existing standards, the permissible moisture content of fuel peat is 70~8 0%, Thus, the peat industry 
has not,in practice, been concerned with the removal of adsorbed water from peat. Therefore, special interest 
attaches to studies of other forms of bonding between water and the solid phase of peat — weaker but of greater 
significance in the technology of peat winning and drying. 


Difficulties are met in development of methods for determination of other forms of bound water apart from 
adsorbed water, because these forms differ little from free water in their properties. Using low concentrations of 
sugar (3-5%), A. V. Dumanskii determined so-called loosely bound (film) water, which has a lower solvent power. 
According to Berezin [14], the water determined by this method also includes osmotic and structural water inthe 
micelles and vegetable fragments of peat. However, at low sugar concentrations only a part of the weakly bouhd 
water in peat is determined, and even small changes of concentration produce considerable changes in the amounts 
of bound water found. The indefinite character of the results is an obstacle to the use of this method for quanti- 
tative studies of weakly bound water in peat. 


The weakest forms of water bonding may be detected by the use of very low concentrations of the indicator 
substance, but this greatly decreases the accuracy of the determinations. This disadvantage can be avoided with 
the use of radioactive tracers. For this purpose we developed a method for determination of bound water in peat 
with the aid of the radioactive tracer NagS*Q, containing the se isotope [15]. This tracer is negatively adsorbed 
at the water surface [16] and is not adsorbed to any practical extent by the solid peat phase. With the use of low 
concentrations of the radioactive tracer (down to 10710%), it is also possible to avoid errors associated with changes 
in the properties of a disperse system produced by additions of considerable amounts of sugar or electrolyte. 


A second approach to a solution of the problem of determination of weakly bound water in peat depends on 
consideration of mobile and immobile water, On the assumption that only the free water in peat can be moved 
under a pressure gradient, all the water which remains immobile can be classified as bound water. For determi- 
nation of immobile water we devised a method based on filtration of water containing the same Na,S* QO, radio~ 
active tracer through water~saturated peat samples [17]. 


It is interesting to compare the results of these two methods for determination of bound water in peat, 
Table 1 contains the results of experiments on peat samples of different botanical composition and degree of de- 
composition, from which the contents of different forms of weakly bound water in peat can be estimated. 


Values for the immobile water, Wj, were found from experiments on filtration of tagged water through peat 
samples with intact structure. The bound-water content Wp of the same peat was determined by the radioactive- 
tracer method. A series of check experiments showed that the relative error in determination of Wj and Wy by 
these methods does not exceed + 58%, Since the immobile water was determined in samples retaining their 
natural structure, whereas bound water was determined in suspensions made from the same peat, the difference 
between the contents of immobile and bound water, Wj ~ Wp, may be attributed to water bound in the peat struc~ 
ture, Wstr, and in particular to water trapped in enclosed fine pores which do not allow water to pass through, 


As already noted, the maximum amount of bound water in peat can be determined by the use of very low 
concentrations of the radioactive tracer, This agrees, in particular, with Deryagin's theory [18] of nonsolvent 
volume. To establish what classes of bound water,apart from adsorbed water,can be determined by this method, 
experiments were performed on determinations of bound water in different peat fractions. The results of these 
experiments with two types of peat are given in Table 2, 
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TABLE 


Contents of Different Forms of Bound Water in Samples of Upper and Lowland Peat 


‘ : mt Bs Distribution of water in peat by| o's ae 
2 S Sy2 | S| 8 types of bonding ‘i ‘ S 
Pp Qn.) a= | = = Bre 

“a eat type 9 Bal! Oo. | oe |W W; OF 

€ Boa] BS | By |Wads|Winte | Weer  |Weapr | Seu 
Oe al Avs ER gel % | % %o % Boe. 

1 |Fuscum peat 145 | 570 | 400 | 40 | 3¢0 

2 | Complex upper 20 | 410 | 300] 40 |} d¢0 ; to 1290 hee 

3 | Medium peat 25 | 430 | 370 | 50 | 320 950 

4 |Pine — cotton grass| 60 | 280 | 275 | 70 | 205 bs 620 300 

5 |Sedge — Hypnum 35 | 345 | 345 | 60 | 285 715 : 

6 |Sedge — bog Sey) ee00! |) SEOs 60.1220 | ae 700 | t000 

7 | Wood — sedge 40 | 280 | 275 | 60 | 215 is 740 750 
TABLE 2 


Results of Determinations of Bound Water in Individual Peat Fractions 


Fraction size, mm 


Whole peat 


Characteristics 
sample, % 


Sedge — bog peat, R = 35% 


Distribution of dry mass by 
fractions, % 15,5 18.5 22.6 43.4 100 


Bound water contents, % 296 391 369 298 331 


Distribution of total bound 
water, % 45 2 84 130 331 


Sedge peat, R = 30% 


Distribution of dry mass by 
fractions, % ce 46,3* 17,0 36.7 100 


Bound water contents, % — 431 347 259 353 
Distribution of total bound 


water, % — 200 58 95 353 


* Peat fraction 1 mm. 


The data in Table 2 show that most of the bound water determined by the radioactive~tracer method is 
contained in the coarse fraction of the peat, consisting of undecomposed plant fragments, Thus, the nonsolvent 
volume determined by the radioactive~tracer method includes not only water of lower solvent power but also in- 
tracellular water isolated from the external solution by the plant cell walls. It should be noted that the average 
size of the cellular cavities in peat is ~5~10y, The amount of intracellular water enclosed in the cell cavities 
of the plant fragments can be found by subtraction of adsorption water from the total bound water: 


Wint = Wp ~ Wadse (2) 
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TABLE 3 
Structural Characteristics m, Sg and 6, for Different Samples of Upper and Lowland Peat 


— 


egree of/Hydraulic}Active | Kinetic spe- Specific surface 


Peat type . |pore rosity,| cific surface | by dispersion 
Raia adius § , pe a So, ay g analysis Sq. m2/ g 

15 4.25 0,31 3,3 0,25 
Fuscum peat 20 1,24 0,52 5,1 0,80 
Compex upper 20 0,43 0,48 11,6 0,90 
Medium peat 25 0,37 0,53 13,6 1,15 
Medium peat 60 0,15 0,43 28,0 3,07 
Pine ~ cotton grass 

25 0,78 0,46 6,0 4,20 
Sedge 30 0,77 0,68 (ip 1,20 
Sedge 35 0,70 0,56 6,1 4,29 
Sedge — Hypnum 40 0,49 0,45 6,9 1,04 


Wood ~ sedge 


The values of Wag, given in Table 1 are taken from earlier publications [2, 3, 7, 13, 14]. It should be 
remembered that calculations by Eq. (2) give all the weakly bound water in peat, including osmotic and film 
moisture, in addition.to the intracellular water,which is the principal constituent. However, no methods for dis- 
tinguishing between these forms of bound water in peat are available at present. Intracellular water is usually 
included with water retained by osmotic forces [1, 2]. In all probability it is more correct to consider it asstruc- 
turally bound water because, as will be shown below, destruction of the cell cavities (breakdown of the structure) 
releases it into the free state, It may be noted that in the classification used in pedology, intracellular water is 
considered as an independent class of physical state of moisture in soil [19]. 


Intracellular water, which corresponds to one of the weakest forms of bonding between moisture and peat, 
can be determined by virtue of the low concentration of the radioactive tracer, and because samples of the dis- 
persion medium are taken immediately after the tracer has been added and the mixture stirred. This minimizes 
diffusion of the tracer through the cell walls; incidentally, the rate of this diffusion is lower by several orders of 
magnitude than diffusion in solution [20]. Increase of the tracer concentration,by addition of inactive salt, leads, 
as in the case of sugar, to a change in the measured amount of bound water. It should be noted that the radio- 
active-tracer method can hardly be regarded as identical with the electrolyte~tracer method, as micro quantities 
of radioactive materials in solutions have a number of special properties [21]. 


Apart from the classes of moisture considered above, our results can be used to calculate the amount of 
moisture retained in peat by capillary forces (mechanical bonding): 


Weap = Wt — Wi 
(3) 


where W, is the total moisture capacity of peat, values of which are taken from Grebenshchikov's paper [22]. 


It follows from Table 1 that most of the water in peat consists of capillary and intracellular water. Removal 
of this water is the main task in the technology of peat winning. As the degree of decomposition increases, the 
content of intracellular water falls as the result of breakdown of plant fragments during humification of the peat. 
The amount of capillary water also decreases; this can be attributed to increased dispersity of the peat and a de~ 
crease in the size of the capillary channels. Upper types of peat (Nos, 1-4, Table 1) bind rather more intracellu~ 

lar and structural water, and this makes drying of deposits composed of these types of peat difficult. Whereasin 
lowland te of peat the amount of immobile water does not exceed 300-350%, in upper peats its content rises 
to 400-600%, 


As the result of experiments on filtration of tagged water it is possible not only to determine the content 
of immobile water, but also to calculate the active porosity m of the peat, which is the ratio of the volume of 
the water-conducting pores to the volume of the sample, It is then possible to use the Kozeny ~ Carman equa~ 
tion for calculation of the kinetic specific surface [23] 
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iS =970 Ps cmt (4) 


where d is the diameter of the peat sample in cm; I is the pressure gradient in the filtration apparatus; Q is the 
filtration rate in cc/minute. In the case of peat, which is a water~saturated and water-binding disperse system, 
this equation could be used only after a technique had been developed [17] for determination of active porosity 
of peat, which differs considerably from the porosity value as usually determined, Attempts to determine active 
porosity by indirect methods involved complicated calculations and were based on numerous assumptions [24]. 
The experimental values of Sp and m can be used to calculate the hydraulic radius of the peat pores, equal to 
the average thickness of the water layer over the surface of water~conducting pores: 


5 = m/So. (5) 


The values of Sp, m, and 6, not related to any arbitrary structural scheme, may be adopted as characteris~ 
tics of peat structure. The results of determinations of these values for peat samples of different botanical com- 
position and degree of decomposition are given in Table 3; this table also contains, for comparison, values of 
the specific surface S4 calculated from the results of dispersion analysis [25]. 


It follows from the data in Table 3 that the structural characteristics so found depend onthe botanical com- 
position and the dispersity of the peat. The dimensions of water~conducting pores decrease appreciably with in- 
creasing degree of decomposition of the peat, and for a given degree of decomposition upper peats have smaller 
pores. Lowland peats are generally more homogeneous with regard both to dispersity (Sg) and to dimensions of 
water- conducting pores (6). Variations of the kinetic specific surface Sp in general follow the same course as 
the peat dispersity. The lower values of Sp found for lowland peats are attributable to the coagulated state of 
their colloidal fraction [26]. The values of kinetic specific surface greatly exceed the values of S, found by dis~ 
persion analysis, as in the latter case,shape irregularities, internal porosity, and roughness of the particles are 
disregarded. Similar relationships apply to a number of other disperse materials [27, 28]. It is interesting to note 
that the values found for Sp are close to the value for the kinetic specific surface of peat briquets, calculated by 
Prokimnov by Deryagin's method [29]. 


The active porosity of peat is greatest for medium degrees of decomposition. Lower active porosities at 
lower degrees of decomposition of the peat are due to higher contents of intracellular water. As the degree of 
decomposition increases, the active porosity decreases,owing to a decrease in the size of water-conducting pores 
and closer packing of the peat particles. The active porosity of peat with natural structure varies in the range 
of 0.3 to 0.7, in accordance with the type of peat and its degree of decomposition. 


Data on the forms of water bonding and characteristics of peat structure, obtained by the use of radioactive 
tracers, can be used for various technological calculations in relation to the drying of peat deposits and process- 
ing and drying of peat. 


SUMMARY 


1, Methods based on the use of radioactive tracers were used for studying different forms of bound water 
in peat. The radioactive tracer used was the s%5 isotope in the compound Na,SQ,, which is not taken up by the 
solid phase of peat. 

2. The results of determinations of bound water in different peat samples, found by the radioactive-tracer 
method, the nonsolvent volume method, and filtration of tagged water, were compared; it was thereby possible 
to estimate the contents of water bound in different forms and to distinguish between the intracellular, structurally 
bound, and capillary forms of water in peat. 


3. Most of the bound water is present as capillary and intracellular water. The contents of different forms 
of bound water in peat depend on the botanical composition and degree of decomposition of the peat. 


4, The method of filtration of tagged water through peat samples can be used for determinations of active 
porosity, kinetic specific surface, and hydraulic pore radius of the peat; these values can serve as characteristics 


of the peat structure. 
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USE OF THE RV-4 ROTATIONAL VISCOSIMETER 
FOR RHEOLOGICAL STUDIES OF SYSTEMS WITH 
RAPIDLY CHANGING STRUCTURAL PROPERTIES 


M. M. Gurvich 


Institute of Chemistry, Academy of Sciences, 
Azerbaidzhan SSR, Baku 


Rotational viscosimeters of the RV type, as designed by M. P. Volarovich, are widely used in rheological 
investigations, The range of systems studied by means of these instruments is very wide, and includes rubber 
{1, 2j, road bitumen [8, 4], printing inks [5], mica dispersions [6], lubricating oils [7-9], mineral suspensions 
[10-12], greases [13], protein solutions [14], dough [15], and graphite pastes [16]. These instruments might be 
expected to prove useful for studies of clay suspensions used in oil-well drilling. The aim of the present investi- 
gation was to study the conditions of applicability of the RV-4 viscosimeter to these disperse systems, which are 
characterized by rapidly changing structural properties. 


It has been shown [17] that drilling muds may be either thixotropic or nonthixotropic. Thixotropic suspen- 
sions in most cases have a high rate of structure formation, especially immediately after preparation. Nonthixo- 
tropic suspensions have a condensation — flocculation structure; their strength curves vary in form and often indi- 
cate a decrease of structural strength in time, with an increase in strength after stirring. These changes alsotake 
place fairly rapidly. 

Determination of the rheological characteristics of such systems involves considerable difficulties, For con- 
clusive results in determinations of deformation ~ stress relationships it is necessary to bring the system to the 
same initial state before each determination, and this state must not change spontaneously until the given stress 
is applied. 

We consider the behavior of both types of drilling muds in relation to these conditions in determination of 
their rheological characteristics by means of the RV~4 instrument. 


Thixotropic clay systems (Type II). Such systems are stirred in order to bring them to a uniform initial 
state of structural breakdown. In instruments of the RV type this may be effected by rotation of the pulley. How- 


ever, experiments showed that despite all possible standardization of the stirring procedure, many clay systems, 
and especially weighted systems in which coarse particles predominate, cannot be brought to a uniform state in 
this way. 

In the RV-4 instrument the bottoms of the outer and inner cylinders have spherical surfaces, and the linear 
velocity diminishes from the periphery to the center of the bottom, where it is zero, Because of this,the coarse 
particles may settle out under the spherical surface of the inner cylinder, and the structure may increase in strength 
at the same time; this was observed in the case of a thixotropic clay ~ hematite suspension of sp. gr. 2. After 
breakdown of its structure by vigorous and uniform rotation of the cylinder, the rotation rate of the inner cylinder 
decreased gradually under constant load. Inspection showed that a sediment accumulated on the bottom of the 


cylinder and a structure of a low degree of breakdown was retained, 


This system was stable in the stationary state, It did not deposit a sediment when kept at rest in the instru- 
ment for 24 hours. It follows that the effect described above is caused by the distribution of velocities under the 


spherical surface, 
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Fig. 1, Rheological curve for a thixotropic 
clay ~ hematite suspension of sp. gr. 1.6, de- 
termined by means of the RV~4 instrument, 
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Fig. 3. Curves showing time variations of 
the structural strength of two thixotropic clay 
suspensions, found by parallel determinations 
with the SNS and RV-4 instruments by the 
old and new techniques; I and II represent 
different suspensions: 1) SNS instrument, 
usual technique; 2) the same, new technique; 
3) RV-4 instrument, 
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Fig. 2. Curves showing the time variations 
of the structural strength of a 27% suspen- 
sion (by volume) of Zykh clay in 2% sodium 
humate solution, found by parallel deter~ 
minations in the RV-4 and SNS instruments, 


This effect was eliminated when the suspen- 
sion was stirred by raising and lowering of the cy- 
linder, leading to liquefaction of the mass under 
the spherical surface. This method of stirring 
proved more suitable than stirring by rotation, The 
design of the RV-4 viscosimeter is more suitable 
than the design of the RV-8 instrument for this pur- 
pose, as stirring by axial motion of the cylinder is 
impossible in the latter. For work with systems of 
this type it might be advisable to have an inner 
cylinder with a lower end of a shape similar to that 
of the inner cylinder of the SNS instrument. 


The number of points which can be deter- 
mined reliably on the rheological curve for a clay 
suspension is relatively small; it does not exceed 
8-10 with consecutive 1 g additions to the load. 
The velocity can be increased only up to 1.5 revo- 
lutions/second. Neither és it possible to go far in 
the direction of low velocities, as structure forma- 
tion begins to have an effect, with irregular rota- 
tion, interruptions, and stoppages of the instrument, 


Fig. 1 shows a portion of a rheological curve 
for a thixotropic clay — hematite suspension of sp. 
gr. 1.6. It is seen that the first 8 of the points 
which could be determined fit satisfactorily on a 
straight line. The yield value P, was found to be 
12,15 dynes/cm*, Before determination of each 
point the structure was broken down by raising and 
lowering of the cylinder, 


It is known that the static shear stress is not constant, but depends on the experimental conditions [18]; it 
was therefore of interest to compare curves for the structural strength of this suspension, i.e., curves for variations 
of the yield value with time, found by parallel determinations in the RV-4 and SNS instruments, In the SNS in~ 
strument the stress increases continuously as the result of uniform rotation of the cylinder, and there is no time 
for relaxation of any stress reached. In the RV~-4 instrument the motion did not commence immediately after 
application of the load, but after some time, usually 20-40 seconds, Since this is evidently the relaxation time, 
each load was held for 30 seconds and increased only after this time had elapsed (if the cylinder did not begin to 


152 


TABLE 1 


Variations of the Times of Consecutive 
Revolutions of the Pulley of the RV-4 
Instrument in Free Fall and in a Thixo- 
tropic Medium (load 2 g) 


g Time for one revolution, 
= 3 seconds 
Vv es 
a in free in a thixotropic 
a2 fall medium 


* Mean of three determinations, 
** Mean time of one of the last revolu- 
tions (4-7), 


rotate)*, The determination time is increased with this pro- 
cedure, and the age of the structure was calculated from the 
start of the motion, and not from the start of the experiment. 


This procedure was used for determination of strength 
curves by means of ‘both instruments, The specific character- 
istics of the method suggested that curves determined by means 
of the RV-4 instrument should lie lower than those determined 
with the SNS instrument; this was found to be the case (Fig. 2). 


In order that the determination conditions with the two 
instruments should be more similar, the procedure was modi- 
fied in such a way that there was time for stress relaxation in 
the SNS instrument, For this, the maximum rotation angle of 
the cylinder, corresponding to the yield value, was determined 
by the usual technique. The experiment was then repeated,but 
the motor driving the cylinder was switched off at a certain 
smaller angle. The cylinder was held for a short time to find 
whether it moved in the reverse direction. If it did, the ex- 
periment was repeated with a smaller angle until the minimum 
angle was found at which there is still a complete return moye- 
ment of the inner cylinder, It was found that for the suspension 
under investigation this angle is 80-90% of the initial angle. 
Hence,it could be assumed that with this procedure the yield 
values found by parallel determinations in the RV-4 and SNS 
instruments should be closer together. This was found to be 
the case (Fig. 3). 


Thus, if the system is allowed to relax, the static yield value decreases to an extent which increases with 
the relaxation time. However, in thixotropic systems with incomplete structurization,the relaxation effect is 
obscured by the opposite structurization process, If the determination is performed on a system of a high degree 
of structurization, the static shear stress depends on any arbitrary applied stress if the system is allowed enough 


time for relaxation [19]. 


The RV-4 instrument was used for determination of the static yield value for a thixotropic system with a 
virtually complete structure in such a way that increasingly smaller loads were arbitrarily applied and the start 
of the compete descent of the load was awaited, It was found that very low values of P, could be attained in 
this manner. If this is the case, then the concept of static yield value becomes somewhat indefinite for thixo- 


tropic systems, 


It is known that the load rotating the inner cylinder in the RV-4 instrument accelerates as it falls, This 
raises the question of how the acceleration changes if the instrument contains a thixotropic clay system, Break- 
down of structure in thixotropic systems is accompanied by restoration. The former diminishes resistance to de- 
formation, and the latter increases it, It is evident that the relative proportions of the two effects differ at dif- 
ferent stages of the process, and this should influence the acceleration of the falling load. 


We performed a series of experiments on thixotropic systems at different stages of structural breakdown, 
achieved by consecutive variations of the load and therefore of the applied stress, The following procedure was 
used in most cases. After breakdown of the structure by means of longitudinal movements of the inner cylinder, 


a given load was applied to the suspension, the first revolution of the pulley was disregarded, and the ee for the 
second revolution (now counted as the first) and for the following five revolutions was measured. The ratio of the 
time for the first revolution to the average time for one of the following five may be taken as an arbitrary meas- 
ure of the acceleration (positive or negative). 


* However, it is necessary to distinguish between the start of motion and displacement of the pulley as the result 
, . . . 
of deformation of the mass, and only the true start of motion must be taken into consideration. 
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TABLE 2 


Ratios of the Time (seconds) of the First Revolution (ty) to the Average Time of One of the 
Next Five Revolutions of the Pulley of the RV-4 Instrument (t,,) Under Different Loads 


TABLE 3 


Repeated Determinations of the Rotation Rate of the Cylinder of the RV-4 Instru~ 
ment in a Nonthixotropic Clay Suspension 


Rotation rate of cylinder, rev/sec 


Load, g duplicate determination after 
first determi~- duplicate deter- ; 
stirring by longitudinal motion 
nation mination 
of cylinder 
40.5 0.868 
42.5 0.020 
44,5 1.208 
TABLE 4 


Effect of Resting Time on the Yield Value of a Nonthixotropic Clay Suspension 


Resting time, 


minute three days 


Yield value, 


g of load 29.7 


Determinations performed in this way (Tables 1 and 2) showed that in thixotropic clay suspensions small 
loads show negative accelerations, whereas large loads show positive accelerations. It follows that with a certain 
intermediate load the fall should be uniform. 


Table 2 shows that there is a certain load for a thixotropic medium at which the fall is uniform. A possi- 
ble explanation for the constant rate of fall is that the force of gravity is balanced by another force, which might 
be called the force of structure formation. If this is so, certain possibilities arise for quantitative characteriza- 
tion of thixotropy in the dynamic state, augmenting its characterization under static conditions, 


Nonthixotropic clay suspensions, As noted earlier, the structure of such systems may change in different 
directions with time, while stirring leads to reinforcement in most cases. In such conditions it is not possible to 
have a definite initial state of the system, as there are no criteria for characterization of such a state. It is there- 
fore difficult to decide how a suspension should be prepared for rheological measurements, 


Certain possible methods of determination by means of the RV-4 instrument were arbitrarily chosen, By 
the first, the suspension was prepared by moderate stirring effected by slow rotation of the inner cylinder caused 
by raising of the weight. By the second method, the suspension in the instrument was stirred by longitudinal 
movement of the cylinder as described above. In all cases the determinations were performed immediately after 
the instrument had been filled, and only the average time of one of the first five revolutions of the cylinder was 
taken into consideration. 


In most experiments a rapid change in the state of the system was recorded, leading to considerable dis- 
crepancies between duplicate determinations, Nevertheless, in some instances it proved possible to determine a 
portion of the rheological curve, although this only represents the state of the system during some arbitrary period 
of its existence. 
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Tables 3 and 4 contain the results of experiments with a nonthixotropic suspension the structure of which 
proved to be more stable than in other studied systems of this type. It is clear from the data that the theological 
characteristics of this system are also very indefinite, 


SUMMARY 


1, The suitability of the RV-4 instrument for rheological studies of thixotropic and nonthixotropic drilling 
muds was investigated, 


2. This instrument can be used for determination of rheological curves of thixotropic clay suspensions if 
more vigorous stirring is used than that achieved by rotation of the pulley (this is particularly important with 
weighted clay suspensions), However, even in such cases only a limited region of the theological curve can be 
determined, 


3. The point on the rheological curve corresponding to uniform fall of the weight rotating the cylinder 
of the RV-4 instrument inay be of interest for characterization of thixotropy under dynamic conditions. 


4, The RV-4 instrument cannot be used for the usual rheological investigations of nonthixotropic clay 
suspensions because of the extreme variability of such systems under dynamic condi*ions. 


5. Parallel determinations of yield value by means of the RV-4 and SNS instruments give similar results 
if the determination technique with the SNS instrument is modified so as to permit relaxation of stress. 


I thank Professor M. P. Volarovich for his interest and valuable advice. 
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A DIELECTRIC STUDY OF THE FORMATION OF 
SOAP — HYDROCARBON SOLUTIONS 
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Institute of General and Inorganic Chemistry, 
Academy of Sciences Ukrainian SSR, Kiev 


One of the principal problems of modern colloid chemistry is determination of the general laws governing 
the formation of colloidal systems in the gradual transition from true solutions to two-phase lyophilic colloids , 
(semicolloids)and then to lyophobic stabilized suspensions or emulsions [1]. These laws can be studied with sys- 
tems of the soap — solvent type. In accordance with the temperature, component concentration, and nature of 
the components, soap — solvent systems may exist as true solutions or isotropic melts, sols, gels, pseudogels, and 
suspensions [2]. 


In studies of the transition from true solutions to two-phase lyophilic sols,note should be taken of the con- 
cept of similarity between lyophilic disperse systems and systems in the critical state. The formation of equili- 
brium colloidal systems in the transition from one-phase to two-phase systems is closely associated with critical 
phenomena [3]. The similarity should be greatest between critical reversible thermodynamically stable systems 
and lyophilic disperse systems [4]. The variations of properties observed in transitions in lyophilic disperse sys- 
tems may be expected to be analogous in many respects to changes of properties observed in critical effects. In 
accordance to the theory of the identity of critical transitions and the so-called second-order phase transitions, 
the dielectric constant of a binary liquid system should pass through a maximum in the critical region [5]. This 
was confirmed [6] in studies of the dielectric properties of three systems with limited solubility: nitrobenzene — 
hexane, and nitrobenzene — octane. It follows that if transitions in lyophilic disperse systems are similar to criti- 
cal phenomena, the dielectric constant should pass through a maximum on formation of a colloid. 


In this connection we studied micelle formation in hydrocarbon solutions of soaps, by determination of the 
dielectric constant. Variations of the dielectric constant with the temperature were studied for this purpose. 


Solutions of sodium phenylstearate inxylene were used for the experiments. Our choice of this system was 
guided by the following considerations. First, hydrocarbon solutions of sodium phenylstearate are formed at lower 
temperatures than, say, sodium stearate solutions, Second, viscosity studies showed that the structure of benzene 
solutions of sodium phenylstearate can be varied considerably by means of polar additives [7]. 


Honing and Singleterry [8] concluded as the result of viscosimetric and optical investigations that anhydrous 
systems of sodium phenylstearate in benzene have a polymerlike structure, which is broken down by additions of 
small amounts of water or certain surface-active substances with formation of compact micelles. A secondary 
weakly bound spatial structure is formed in presence of excess water. 


The solutions were prepared from already-prepared sodium phenylstearate (an experimental batch from the 
Khar’kovy Chemical Reagent Factory). Oleic acid was used as the surface-active additive. 


Capacities were determined in the range from 0.4 to 10 kilocycles/second by means of the Schering bridge 
(type MLE~1). The audio frequency source was a ZG- -10 oscillator. The EO-7 electron oscillograph connected 
in a special circuit [9] was used as the indicator of bridge balance. 


Fig. 1. Meas- 
uring condenser. 
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Fig. 2. Variations of DC with tempera - 
ture in the system sodium phenylstear- 
‘ate —o-xylene (1.76 g/100 ml) con- 
taining different amounts of oleic acids 
1) without acid; 2) 0.1 ml; 3) 0.2 ml; 
4) 0.3. ml; 5) 0.5 ml; 6) 3.0 ml; 7) 5.0 
ml; frequency 10 kilocycles/second. 


The design of the liquid condenser is shown in 
Fig. 1; this was equipped with removable electrodes, 
so that cleaning was considerably easier, The initial 
capacity of the condenser was 27.9 pyf. The condenser 
was immersed in a type N ultrathermostat filled with 
oil. The temperature was kept constant to within 20.1°, 
Determinations were performed on a standard liquid 
(m-~-xylene) to allow for the capacity of the leads and 
to calculate the dielectric constant. The error in the 
dielectric-constant determinations varied with the fre- 
quency and the magnitude of the dielectric constant, 
and did not exceed 1%, It must be noted that the di- 
electric constant (DC) is appreciably influenced by the 
conditions of preparation of the system: heating tem- 
perature, cooling rate, aging time, and other factors. 
Therefore the nature of changes of DC rather than its 
absolute values are more significant for comparisons of 
different systems. 


It follows from Fig. 2 that the dielectric constant 
of the system without acid decreases slightly on heating 
ae ‘As the temperature rises, there is a change in 

slope of the curve, coinciding with liquefaction of 
the system. Small additions of acid sharply raise the 
DC and cause optical activity to appear. This change 
in the dielectric and optical properties confirms the for- 
mation of a heterogeneous system,sodium phenylstearate — 
hydrocarbon,in presence of the acid. The variation of 
the dielectric constant with temperature for a system 
containing >0.1 ml of oleic acid conforms to a general 
law: after a small decrease, the DC passes through a 
maximum, which is observed both on heating and on 
cooling of the system. The solutions lose their optical 
activity as the temperature corresponding to the maxi- 
mum is approached. 


The fact that the dielectric constant passes through 
a maximum with change of temperature definitely in- 
dicates that there is a connection between the changes 
in hydrocarbon solutions of sodium phenylstearate con- 
taining added sodium oleate, and critical phenomena. 
In the critical region a two-phase equilibrium system 
is formed on cooling, and this is converted into a one- 
phase system on heating. The dielectric-constant max- 
ima are shifted in the direction of higher temperatures 
with increase of oleic acid concentration (Fig. 2). This 
indicates an increase of the critical temperature of mi- 
celle formation, However, when the oleic acid content 
is increased considerably (Fig. 2, Curves 5 and 6), the 
maxima on the € —t curves disappear, probably because 
true solutions are formed in this temperature range (20- 


120°), It is interesting to note in this connection that the structural strength of oleocolloid systems (caicium stear- 


ate 


in vaseline oil) also reaches a maximum and then falls with increase of oleic acid concentration [10]. 


In the variations of the dielectric constant of the system with small additions of acid in the 0.4-10 kilo- 


cycles/second range,some decrease of DC with increase of frequency was observed. This effect was not observed 
after the maximum of the € — t curve had been passed, nor was it observed over the entire temperature range studied 
in systems containing over 3 ml of oleic acid. 
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The dispersion of dielectric constant at audio frequencies is apparently due to Maxwell — wagner polariza- 
tion. This type of polarization is characteristic of heterogeneous systems with phases differing in dielectric con~ 
stant and conductivity, and is observed at low frequencies. In the case of homogeneous systems there is no such 
polarization, and consequently no dispersion of DC at audio frequencies. 


For further studies of micelle formation in hydrocarbon solutions of soap, great interest attaches to measure- 
ments of dielectric constant over a wider frequency range, and also to combined investigations of the dielectric 
and rheological properties of such systems. 


SUMMARY 


1. The temperature dependence of dielectric constants for the systems sodium phenylstearate — o-xylene 
and sodium phenylstearate — o-xylene — oleic acid has been studied in the 20-130° range at frequencies from 400 
to 10,000 cycles/ second. 


2. The dielectric constant of xylene solutions of sodium phenylstearate passes through a well-defined max- 
imum ata definite temperature and concentration in presence of oleic acid. This shows that there is a connec- 
tion between transitions in lyophilic disperse systems and critical phenomena. In the critical region a two-phase 
colloidal system is formed on cooling, while on heating, it passes into a one-phase system. 


3. Small additions of oleic acid cause shifts in the maxima on the e —t curves, indicating an increase in 
the temperature of micelle formation. At considerable concentrations of the additive no transitions take place 
in the system (there are no maxima on the ¢ —t curves), probably because true solutions are formed in the tem- 
perature range studied. 

LI PERATURE, Chi ED 


[1] P. A. Rebinder, Summaries of Papers at the 4th All-Union Conference on Colloid Chemistry [in Russian] 
(Izd. AN SSSR, Moscow, 1958) p. 5. 


[2] G. V. Vinogradov, Progr. Chem, 20, 533 (1951). 
[3] A. V. Dumanskii, Colloid Science [in Russian] (ONTI, Moscow, 1935) p. 235. 


[4] V. K. Semenchenko, Proc. 3rd All-Union Conference on Colloid Chemistry [in Russian] (Izd. AN SSSR, 
Moscow, 1956) p. 250. 


[5] V. K, Semenchenko,J. Phys, Chem. 21, 1461 (1947); Proc. Acad. Sci. USSR 92, 625 (1953); Applications 
of Ultrasound to Investigations of Matter, 3 [in Russian] (1956) p. 51. 


[6] V. K. Semenchenko and M. Azimov, J. Phys. Chem, 29, 1342 (1955); 30, 1821, 2228 (1956). 
[7] C. R. Singleterry, J. Amer. Oil Chemists Soc, 32, 446, (1955). 

[8] G. J. Honing, and C. R. Singleterry, J. Phys. Chem. 58, 201, (1954); 60, 1114, (1956). 

[9] The Modern Cathode -Ray Oscillograph, part 3 [in Russian] (1954) p. 127. 

[10] E. E. Segalova and P. A. Rebinder, Colloid J. 10, 223 (1948). 


Received July 16, 1958 


159 


i ate 


et a 


‘32 . Vee ne 
; d aera by arti re Noah 
wy pe idea es wags ty 
© de) aety oot * wil , ' r 

4 ? oe } eens 
ies biel jel ; 

a Ae oe ‘i a 


+. 


r > 
es a ae F diel: fepnctid ‘i 


el, 


Sata a titi cg 


: Se, ae, ram 4 
+ \Si-ady a ae bi) Ys 


2 Tes 


yi q 


THE COMPATIBILITY OF POLYMERS IN SOLUTION®* 


B, A. Dogadkin, V. N. Kuleznev, and S, F, Pryakhina 


The M, V, Lomonosov Institute of Fine Chemical Technology, Moscow 


The growing number of applications of mixtures of polymers in various branches of the national economy 
justifies the attention which has been recently devoted totheoretical and experimental studies of such systems, 
The extensive uses of mixtures of natural and butadiene — styrene rubbers prompted us to elucidate certain facts 
concerning the behavior of these polymers in a common solvent, This was all the more necessary owing to the 
discovery that an interpolymer of these rubbers can be used as an interlayer for cementing different rubbers in 
laminated articles [1]. 


The rubbers used in the investigation — natural rubber (NR) and butadiene — styrene rubber (BSR) made by 
low-temperature polymerization (type SKS-30A) — were first purified by extraction with acetone (NR) or ethanol — 
toluene azeotrope (BSR) in a current of nitrogen to remove impurities, To dissolve the polymers, they were shaken 
in the solvent containing 1% of phenyl-g -naphthylamine, calculated on the rubber, The solutions were diluted 
to the same concentration and then mixed in various proportions, The viscosities of the mixtures were determined 
24 hours after mixing by means of the Hoeppler viscosimeter, and their light scattering at an angle of 90° was 
measured, The relative proportions of the rubbers at various points in systems which underwent phase separation 
were determined refractometrically [1] after films had been made by evaporation of the corresponding solutions, 
The method used for preparation of rubber mixtures containing the interpolymer was described earlier [1]. 


Figure 1 shows the results of viscosity determinations on benzene solutions of NR, BSR, and their mixtures 
of various concentrations, The experimental data were used to plot viscosity against mixture composition on the 
assumption that the properties of the system are additive, i.e,, that there is no interaction of any kind between 
the polymers, As Fig, 1 shows, the “additive” curve completely coincides with the experimental for mixtures of 
0.5% total rubber concentration, and deviates from it for mixtures of 1% concentration, If analogous curves are 
plotted for mixtures of increasing concentrations, the deviations of the experimental curves from the curves plot- 
ted on the assumption of additivity become progressively greater until a concentration is reached at which the 
polymers in solution separate into two phases; this is generally accepted to be the sign of incompatibility of the 
dissolved polymers, Deviations of experimental viscosity — composition curves from additivity are the consequence 
of specific interaction between the molecules of the two polymers [2]. In the present instance, because of the 
tendency of the system to separation, the attraction forces are greater between like than between unlike mole- 
cules, As the solution concentration increases, the number of collisions between particles in solution becomes 
greater, and the difference between the attraction forces between like and unlike molecules has an increasing 
influence on the properties of the system, Thus, the deviations of the experimental values for the viscosity of 
polymer mixtures from the values based on the assumption of additivity of their properties characterize interac- 
tion between unlike polymer molecules; i,e., in this instance they are a measure of their incompatibility, 


Rise of temperature increases the energy of thermal motion of the molecules and of their segments, and 
diminishes the tendency of the system to separation, as is clear from Fig, 2, Deviation of the viscosity — com- 
position curve from additivity decreases with increase of temperature, and vanishes almost entirely at 60° for 


toluene solutions, 


* Paper at the 4th All-Union Conference on Colloid Chemistry, May 1958. 
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7, centipoises 


in, centipoises 


NR 
BSR ! ! ! fl 
BSR 80 60 40 20 0 

Fig. 1. Dependence of the viscosity of Fig. 2, Dependence of the viscosity of 
mixtures of benzene solutions of NR and mixtures of 2% benzene (1, 2, 3) and 
BSR on composition: 1) viscosity of 1% toluene (4) solutions of NR and BSR on, 
solutions in centipoises; 2 and 3) varia- composition at various temperatures: 
tions of viscosity with concentration for 1) 20°; 2) 30°; 3) 50°; 4) 60°; 1°, 2°, 3°, 
NR and BSR; 4) relative viscosity of 0.5% 4*,) the corresponding additive curves; 
solutions; 1°, 4°) the corresponding addi- A) 2% solutions prepared a second time 
tive curves, at 30°, 


Voyutskii, Zaionchkovskii, and Reznikova [2] noted the great importance of the relative polarities of poly - 
mers in estimation of their compatibility, and demonstrated that small amounts of substances containing polar 
groups are capable of decreasing sharply the interaction between unlike polar molecules in solution, owing to 
shielding of groups responsible for formation of intermolecular bonds, 


In view of the possible presence of a certain amount of polar’ (for example, oxidized) groups in NR and 
BSR molecules, and also of the higher polarity of BSR in comparison with NR, we studied the influence of various 
amounts of methanol and methyl ethyl ketone on the course of the viscosity — composition curves, Figure 3 shows, 
as an example, the effect of methyl ethyl ketone, with a correction for the viscosity decrease owing to dilution, 
A small amount (1%) of methyl ethyl ketone, which in the case of polar polymers would have produced a consid- 
erable change in the course of the viscosity — composition curve, in this instance merely lowers the curve some- 
what, without causing any change in the nature of the relationship, Only if large amounts (50%) of methyl ethyl 
ketone are added is there a considerable change of viscosity, with convergence of the experimental and additive 
curves, as the result of a sharp increase in the polarity of the medium, Methanol, as a more polar substance, pro- 
duces a similar effect to a greater extent, 


It follows from the foregoing considerations and experimental data that signs of incompatibility appear in 
polymer solutions considerably before the system separates into two phases, It was reasonable to assume that these 
signs of incompatibility are due to the presence of microheterogeneities in solution, which grow with increase of 
concentration and which are nuclei of phases of different composition; if this is so, the system should have much 
greater turbidity than a true homogeneous solution, 
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BSR 80 60 40 20 0 
Fig. 3. Effect of methyl ethyl ketone 
on the viscosity of mixtures of 2% ben- 
zene solutions of NR and BSR at 30°: 

1) without addition; 2) 1% of methyl 
ethyl ketone; 3) 50% of methyl ethyl 
ketone; 2’ and 3°) the corresponding 
additive curves, 


NR 20 40 60 80 §=100 
t i fi ! ! fs 
BSR 80 60 4D 20 a 


Fig. 4, Dependence of the turbidity 
of 2% solutions of mixtures of NR and 
BSR in CCl, on their composition: 

1) after one day; 2) after one month 
from preparation of the solutions; 1" 
and 2°) the corresponding additive 
curves, 


Because the refractive indices of NR and BSR in 
benzene are similar, we used solutions of the rubbers in 
carbon tetrachloride for determinations of the turbidity 
T (light scattering at an angle of 90°), The results are 
plotted in Fig, 4; they show that, despite the above rea- 
soning, the experimental turbidities of the mixtures are 
lower than the additive values of r for all proportions of 
the rubbers, 


Very interesting results were also obtained instudies 
of phase separation in ligroin solutions of NR and BSR, 
The separation took place in cylindrical separating fun- 
nels, where samples could be taken from the upper and 
lower layers without disturbance of the interface, The 
total height of the mixed solutions in the funnel was 10 
cm, Observations on the appearance of a boundary were 
continued for a month, After only two days a boundary 
appeared in solutions with NR; BSR ratios of 2:8, 3:7, 
4:6, and 5:5; after four days a boundary appeared inthe 
solution with a 6:4 ratio, For solutions with 7:3 and8:2 
ratios the boundary appeared after one week, and solutions 
with 9:1 and 1:9 ratios did not demix at all, Refracto- 
metric determinations of the rubber contents in the layers 
showed that the lower layers contained mainly BSR, and 
the upper mainly NR, although each type of layer con- 
tained about 10% of the other polymer, and 15% at 
NR: BSR ratios of 7:3 and 8:2, 


Determinations of the concentrations in the upper 
part of the layer of predominant NR content (NR layer) 
and the lower part of the layer with predominant BSR con- 
tent (BSR layer) showed that the concentrations of the NR 
layer at all proportions of the rubbers are lower than the 
concentrations of the BSR layer, and for a number of ratios 
the concentrations of both layers were below the original 
concentration (Fig. 5), although the system could by this 
time be regarded as being in equilibrium, as the concen- 
trations remained constant for a considerable time (up to 
1 month), A separate determination of the concentrations 
in the upper and lower parts of both layers showed that in 
a nonequilibrium system the concentration increases in a 
downward direction in both layers, and at the instant equi- 
librium is reached,the concentrations within one layer 
level out, 


In NR, and more especially in BSR, some gel frac- 
tion is always present; this enters the solution and gives 
rise to some turbidity, After separation of the system both 
layers became quite clear, while in the BSR layer sone 
flakes formed; these were probably remains of the gel frac- 
tion, and this could cause some decrease of the solution 
concentration, This kind of aggregation and floc forma- 
tion in the BSR layer in systems containing rubber sol frac - 
tions probably occurs at the expense of fractions of higher 
molecular weight, 
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When NR and BSR separate out in a solution contain- 
CEN rl We cpoluken been ing methyl ethyl ketone, more of one polymer enters the 
layer of the other, Thus, a 1:1 NR— NSR mixture in ligroin 


E al- 5 with 100% of methyl ethyl ketone forms two layers, with the 

WwW 
S e volumes of the NR and BSR layers in 16:9 ratio; the former 
eae < layer contains 35% BSR and the latter 71%, indicating that 
a the polymer compatibility is increased in this binary solvent. 
— ie} 
54 “es Mixtures of NR and BSR masticated in argon contain- 
6 v ing 0.1% oxygen and containing interpolymers of these rub- 
E E bers do not separate out at all; this shows that the compati- 
4h Ss bility of the rubbers is increased in presence of their inter- 

polymer. 
+—_——! DISCUSSION OF RESULTS 
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In polymer solutions at concentrations below the satu- 
ration limit there is usually a dynamic aggregation — disag- 
gregation process involving nonpolar polymer molecules[3]; 
or, in the case of polar macromolecules [4], the formation 
of stable clusters even at very low concentrations (< 0.5%). 
The formation of such clusters may be regarded as the first 
stage of gelation of the solution [5] or formation of the solid 
polymer phase; therefore the clusters can be expected to con- 
form to the conditions of the closest possible packing of the 
molecules, common for all condensed phases [6]. The arrangement of the molecules in a cluster must ensure 
maximum contact of their individual regions in order to give rise to a lattice which is sterically favorable for for- 
mation of dipole ~ dipole or hydrogen bonds. The force of interaction must depend on the length of the chain in- 
volved in the formation of such a lattice [7]. 


Fig. 5. Variations of concentration and vol- 
ume of the layers with the composition of 
separated mixtures of NR and BSR solutions: 
1) change in the volume of the lower layer 
as % of total solution volume; 2) concentra- 
tion in upper layer; 3) concentration in lower 
layer; 4) concentrations of original solutions. 


In a mixture of any two polymers in a common solvent,clusters are formed at a definite concentration after 
equilibrium has been reached; they are mainly homogeneous in composition, as this ensures the maximum close 
packing of the molecules, giving a gain of internal energy of the system and thereby compensating for the decrease 
in the entropy of mixing. Whereas in absence of a second polymer there was a definite equilibrium of aggrega- 
tion — disaggregation processes and a definite ratio between the magnitudes of the intermolecular forces directed 
into and out of the clusters, on introduction of a second polymer the magnitude of the forces directed out of the 
clusters decreases; this leads both to a decrease in the number of nonassociated molecules of both polymers, and 
to closer packing inside the clusters themselves, The fact that the previous history of the solution has no influence 
on the viscosity (Fig. 2) such as is observed for the polymer pair polyvinyl chloride — butadiene nitrile copolymer 
[2], shows that there is no structure formation in the solution as a whole; this was to be expected at a Yo concen- 
tration of this pair of nonpolar polymers. Two or several molecules lying side by side over a definite length are 
evidently more rigid formations than a single molecule, and therefore the coiled clusters become more and more 
extended with increase of the number of molecules in them; because of the elongated shape of the clusters the 
viscosity of the polymer mixture is greater than the viscosity observed in absence of this tendency to formation of 
heterogeneous clusters, Decrease of the number of nonassociated molecules and increased packing of the clusters 
decrease the area of the scattering particles and therefore diminish the turbidity T. 


The clusters dissociate on increase of temperature, and the deviations of the experimental viscosity curve 
from additivity diminish as a result. 


When a polar substance is added to a nonpolar polymer solution, the molecular coils become tighter, and 
the solution viscosity decreases. If the solution contains clusters, these also become more closely packed; the 
polymer molecules themselves occupy a smaller effective volume in solution, which is tantamount to a decrease 
of concentration (increase of compatibility) of the system. A significant fact is that considerable amounts of non- 
solvent are needed for this process. The fact that the compatibility of NR and BSR increases with addition of non- 
solvent to solutions of these polymers is confirmed by the results, given above, of direct determinations of the 
NR and BSR contents in the two layers of a separated system. 
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Comparison of the times required for the formation of a clear boundary in separated mixtures of NR and 
BSR containing different proportions of these rubbers shows that these mixtures differ in compatibility. The greatest 
time was required for separation of mixtures containing NR and BSR in 7:3 and 8: 2 ratios; this indicates that these 
mixtures have a great tendency to mutual miscibility, i.e., high compatibility. It must be pointed out, however, 
that the concept "high compatibility” is applied here to a nonequilibrium system, although after equilibrium has 


been reached the amounts of one rubber in the layer of another are also greater in this case than in the other mix- 
tures, 


It should be noted that in none of the investigations of polymer compatibility in solutions was attention paid to 
attainment of equilibrium conditions of existence of two or more layers. In our case the appearance of a sharp 
boundary between the layers (after 2 days in the case of 1:1 NR~ BSR mixture) was not yet a sign of equilibrium, 
as the concentrations in the two layers did not become constant for a month. Even the nonseparating 2% solutions 
of mixtures of these rubbers reach equilibrium after a certain time, showing increased values of turbidity T one 


month after preparation; this indicates that breakdown of the more stable NR clusters takes place. Subsequently, 
the values of T remained constant. 


If two or more fragments of unlike molecules can be chemically bonded by means of interpolymerization 
taking place in the course of cold mastication in an inert medium [1], these molecules form looser clusters, so 
that conditions exist for better distribution of the molecules and separation of the system is prevented. 


The foregoing observations, and the experimental results of other workers [2, 8-10] lead to a number of 
conclusions concerning the causes of polymer incompatibility, 


If macromolecules are in contact over a considerable length of the chains, considerable interaction forces 
arise. Therefore,the geometric structure of the molecules, which determines the closeness of their packing in 
crystals, packets, or clusters, must be regarded as the principal factor determining polymer compatibility, since 
polarity differences [2, 10] can have an influence only on differences in the strength of bonding in such formations. 
Aggregation of unlike polymer molecules is relatively rare,owing to steric obstacles to contact between the ap-~ 
propriate groups of unlike macromolecules, 


SUMMARY 


1. Mixtures of 5% solutions of NR and BSR in ligroin separate into layersif the proportions of these rubbers 
lie between 1:9 and 9:1. The concentrations of the layers differ from the initial concentration. 


2. The experimental viscosities of mixtures are higher, and turbidities lower, than the additive values for 
all proportions of the component rubbers. 


3. Increase of temperature or addition of large amounts (50%) of methyl ethyl ketone bring the experi- 
mental and additive values of solution viscosity closer together, i.e., increase the compatibility of NR and BSR, 


4, The presence of an interpolymer of the rubbers in a mixture of NR and BSR prevents separation of the 
solutions. 


5. An explanation is put forward for the observed effects, based on the hypothesis that molecular clusters, 
mainly homogeneous in composition, are formed in solution. 


The authors offer their deep gratitude to Professor S. S. Voyutskii for valuable comments in the course of 
discussion. 
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RELATIONSHIP BETWEEN THE STRUCTURE OF EMULSIFIERS 
OF THE ALKYL ARYL SULFONATE TYPE AND 
POLYMERIZATION OF UNSATURATED COMPOUNDS 


6. EFFECT OF SODIUM ALKYL ARYL SULFONATES ON THE 
POLYMERIZATION PROCESS 


M. G. Zimina and N. P. Apukhtina 


The S. V. Lebedev Scientific Research Institute 
of Synthetic Rubber, Leningrad 


Our previous communication [1] described the results of a study of certain colloidochemical properties of 
sodium alkyl aryl sulfonates. The effects of structure of the alkyl aryl sulfonates on the surface tension of aque- 
ous emulsifier solutions, solubilization of a-methylstyrene, and micellar weights were studied. 


Investigations were also conducted in our laboratory on the influence of the number of alkyl groups in sodi- 
um salts of individual secondary butylbenzene- and naphthalenesulfonic acids on the copolymerization of divinyl 
with a-methylstyrene and on solubilization of hydrocarbons [2]. 


The purpose of the present work was a more complete study of the relationship between colloidochemical 
properties of emulsifiers and the polymerization of unsaturated compounds, in relation to structural isomerism 
and chain length of the alkyl groups attached to the aromatic nuclei of the alkyl aryl sulfonates. 


The sulfonated derivatives of butyl-, amyl-, and hexylbenzene, and of naphthalene, with different numbers 
of alkyl groups, synthesized and described by us earlier, were used for these investigations. 


Styrene. For the experiments on bulk polymerization, the technical product was treated with 5% aqueous 
alkali to remove stabilizer (hydroquinone), washed with water, dried over calcium chloride, and distilled twice 
under vacuum in a current of nitrogen; b.p. 31-32° under 8 mm residual pressure, nD = 1.5451. The second 
distillation was performed directly in the apparatus. The styrene content determined by the iodometric method 
[3] was 99.8-100%, 


For emulsion polymerization,freshly distilled styrene was used after treatment with alkali solution, Its 
styrene content was 99,7 -99.8%, 


a-Methylstyrene (the technical product) was treated with 5% alkali solution to remove stabilizer, washed 
with water, dried over calcium chloride, and distilled, The fraction collected had b.p. 162-163°, nD = 1.5390, 


Divinyl (technical product), The divinyl content, determined by bromination [4], was 92%o, 


The catalyst — potassium persulfate (chemically pure) — contained 5.81% active oxygen [5], which corre- 
sponds to 98.2% potassium persulfate. 


Emulsifiers. These were individual sodium salts of alkylbenzene and alkylnaphthalene sulfonates, differ- 
ing in the number, length, and structure of their alkyl groups. All butyl, amyl, and hexyl derivatives of benzene 
are denoted by the symbols BB, AB, and HB, and the corresponding naphthalene derivatives by the symbols BN, 
AN, and HN; the number of alkyl groups is denoted by the prefix mono, di, tri, etc. For example, sodium di(sec- 
amyl) benzene sulfonate is disec AB [1]. 
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Fig. 1. Kinetics of styrene polymerization in presence 
of: a) secondary alkylbenzene sulfonates: 1) mono BB; 
2) mono AB; 3) mono HB; 4) di BB; 5) tri BB; b) dialkyl- 
benzene sulfonates: 1) disec BB; 2) di-n BB; 3) ditert BB. 
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Fig. 2. Kinetics of polymerization of divinyl with a-methylstyrene 
in presence of: a) secondary dialkylbenzene sulfonates: 1) ditert BB; 
2) disec BB; 3) di-n BB; b) secondary alkylnaphthalene sulfonates; 

1) mono BN; 2) mono AN; 3) mono HN; 4) di BN; 5) di AN; 6) di HN; 
c) secondary alkylbenzene sulfonates; 1) mono AB; 2) mono HB; 3) di 
BB; 4) di AB; 5) di HB. 


Polymerization technique. The emulsion polymerization experiments were carried out in glass ampoules 
50 ml in capacity; the mixtures were stirred by rotation of the ampoules in an air thermostat at 40 revolutions/ 
/minute. Before the start of polymerization, nitrogen [6] was blown through the reaction mass for 5 minutes [7]. 
The polystyrene latex was coagulated by means of methyl alcohol, and divinyl — methylstyrene latex by means 
of a solution of calcium chloride with acetic acid. The isolated polymers were washed with water, alcohol, and 


dried under vacuum to constant weight. 


For styrene polymerization, 0.35 wt. parts of potassium persulfate, 180 wt. parts of water (per 100 wt. parts 
of monomer), and 0.0378 g-equivalent of emulsifier per liter were used. The polymerization temperature was 
60°. For polymerization of divinyl and of divinyl ~ methylstyrene mixture (70:30 ratio), 0.45 wt. parts of catalyst, 
100 wt. parts of water, and 0.046 g-equivalent of emulsifier per liter were used. The polymerization temperature 
was 50°, The bulk polymerization of styrene was effected in graduated glass ampoules with 0.01 ml divisions, 
sealed to the apparatus for styrene distillation, After the ampoules had been filled with styrene, nitrogen was 
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Fig. 3. Effect of NagSQ, on the polymerization of divinyl with a-methylstyrene in presence of: 
a) secondary alkylnapthalene sulfonates (polymerization 17 hours): 1) mono AN; 2) mono HN; 

3) di AN; 4) di HN; b) alkylbenzene sulfonates (polymerization 30 hours): 1) ditert BB; 2) disec 
BB; 3) di-n BB; c) secondary alkylbenzene sulfonates (polymerization 25 hours): 1) di BB; 2) di 
AB; 3) di HB. 


admitted into the vacuum system and the ampoules were sealed off in a continuous stream of nitrogen. The poly- 
merization was performed in an oil thermostat at 100°. The volume contraction of the polymerization mixture 
was a measure of the course of polymerization. The yield of polystyrene was determined from the weight of poly- 
mer, precipitated by means of methyl alcohol and dried under vacuum. The molecular weights of the polymers 
were determined by the viscosity method; viscosities were measured at four different dilutions. The molecular 
weight was calculated from the formula [y] = KM® [8]; the chain transfer constant Ke, from the formula [9] 


1A g,(82) 
ae Te *\m]? 


where p and Ppp» are the degrees of polymerization in solution and in pure monomer, respectively; SX/M is the 
molecular ratio of solvent to monomer. 


It was found in the emulsion polymerization of styrene in presence of alkylbenzene sulfonates with different 
lengths of the alkyl group attached to the aromatic ring,that the polymerization rate of styrene increases with the 
length of the alkyl radical in the emulsifier and with increase in the number of alkyl groups attached to the ben- 
zene ring in the emulsifier (Fig. 1). 


Styrene polymerization is greatly influenced by the structure of the alkyl groups in the sulfonates studied. 
The highest polymerization rate is found in presence of sodium di(tert-butyl) benzene sulfonate, and the lowest 
in presence of the derivative with a secondary butyl group. The kinetic curves for emulsifiers with normal and 


secondary butyl groups are fairly similar (Fig. 1, b). 


Experiments on emulsion polymerization of divinyl with a-methylstyrene showed that the polymerization 
rate is influenced not only by the nature and structure of the emulsifier, but also by the nature of the monomer. 
By their influence on the polymerization rate of the above-named monomers, the alkyl aryl sulfonates differing 
by the structural isomerism of their alkyl groups form a different sequence from that found for styrene polymeri- 
zation. In this instance the most effective emulsifier is one with a butyl group of normal structure (di-n BB), and 
the least effective is the isomer with a tertiary radical (Fig. 2,a). These emulsifiers form the same sequence in 


relation to the emulsion polymerization of divinyl. 

Increase of the length of the alkyl group and of the number of such groups attached to the aromatic ring 
(Fig. 2,b) has the same influence on the rate of polymerization of divinyl with a-methylstyrene as on the poly- 
merization of styrene (Fig. 1,a, and 2,c). 

It is known that electrolytes have a significant influence on the polymerization rate; the effect depends on 
the nature and concentration of the electrolytes and emulsifiers, We showed [2] that the polymerization rate of 


divinyl with a-methylstyrene increases with the number of butyl groups in the investigated series of alkyl aryl 
sulfonates, over a certain concentration range of strong electrolytes, In the present investigation we studied the 
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TABLE 1] 


Effect of Alkylbenzene Sulfonates on the Intrinsic 
Viscosity of Polystyrene 


influence of sodium sulfate on the polymerization of 
these monomers, in relation to the length and structure 
of the alkyl groups in the emulsifier (Fig. 3). The poly- 
merization rate increases to some extent with increase 


of sodium sulfate concentration for all the mono deriv- 


Emulsifier [In] Emulsifier In] atives in the naphthalene series. Addition of the elec- 
trolyte, even in small amounts (2.5-5.0 g-equiv/ liter) 
ea Sa to the diamyl and dihexy! derivatives in the naphtha- 
Monosec BB 1,36 Ditert BB 2.24 lene series sharply lowers the polymerization rate (Fig. 
Disec BB 1.70 Manaraceaun 3.15 3,a). In presence of the di derivatives of the benzene 
series, the polymerization ~ sodium sulfate concentra- 
Trisec BB 2.30 Monosec HB | 3,50 tion curves pass through maxima. The maximum poly- 
Di-n BB 1.50 mer yield is shifted to the left, i.e., occurs at lower 


electrolyte concentrations, with increase in the length 
of the alkyl chain (Fig. 3,c). 


The polymerization — sodium sulfate concentration curves for divinyl with a-methylstyrene in presence 
of dibutyl sulfonates differing in the structural isomerism of the alkyl groups are entirely different in character 
(Fig. 3,b). In presence of the di(sec-butyl) derivative the monomer conversion passes through a maximum, 
whereas this is not found in presence of other emulsifiers, with normal or tertiary alkyl groups. 


According to modern views, the influence of emulsifiers on the emulsion polymerization process is pri- 
marily associated with the colloidochemical properties of the emulsifier solutions. The principal role of the 
emulsifiers lies in solubilization of monomers in their micelles, and in stabilization of the monomer and latex 
emulsions. 


We studied the solubilization of a-methylstyrene in aqueous solutions of the investigated emulsifiers, and 
also the micellar weights and surface tension of the latter [1]. It was found that micellar weight, solubilization, 
and surface activity increase with the length and the number of alkyl groups. As was shown earlier in this paper, 
these factors also increase the polymerization rate, The different effects of the structural isomerism of the alkyl 
groups in butylbenzene sulfonates on the polymerization of divinyl and divinyl a-methylstyrene mixtures on the 
one hand, and on the polymerization of styrene on the other, are consistent with the differences in the solubiliza- 
tion of these monomers in aqueous emulsifier solutions. 


The solubilization of «-methylstyrene increases with increased branching of the alkyl-group chain: solubil- 
ization was greatest in solutions of an emulsifier with a tertiary~butyl group structure, and least with the emulsi- 
fier of normal structure. Studies of the solubilization of divinyl in solutions of these emulsifiers revealed a dif- 
ferent relationship: in this case the isomer of normal structure had the greatest effect, and the isomer with a ter- 
tiary butyl group in the alkylbenzene sulfonate had the least. These results lead to the conclusion that in pres- 
ence of the same emulsifiers the nature of the monomer has the same influence both on solubilization and on the 
polymerization rate. 


The influence of electrolytes on the polymerization rate is associated with their influence on the colloido- 
chemical properties of emulsifier solutions. It was shown earlier [10] that the micellar weight and surface acti- 
vity of emulsifiers and solubilization of monomers increase on addition of mineral salts up to a certain limit. In 
the same way, the effectiveness of emulsifiers in the polymerization process increases up to a certain limiting 
electrolyte concentration (Fig. 3,c). 


Up to now it has not yet been determined whether the role of the emulsifier is confined to a purely physi- 
cal influence on the polymerization mechanism or whether the emulsifier can take part in the chemical reac- 
tions involved in polymerization of the monomer. As the result of experiments on the polymerization of styrene 
in presence of potassium persulfate containing radioactive sulfur,Kolthoff[11] concluded that the emulsifier is 
not chemically involved in chain initiation, growth, or termination, Bartholome et al. [12], who studied the 
emulsion polymerization of styrene, state that the emulsifier molecule may take part in chain transfer. 


We were also interested in the possible participation of emulsifiers in chain transfer. The effects of the 
number and length of the alkyl groups in alkylbenzene sulfonates and of the structural isomerism of the alkyl 
group on the molecular weight of polystyrene were therefore studied, 
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TABLE 2 


Bulk Polymerization of Styrene in Presence of Alkyl Aromatic Hydro- 


carbons 
ae Sea mneee AAie SoUOy i tee 
co 
Hydrocarbons ae Bea In] gh Ke-408 
au M Pp 
FG) 
4) Mose 
Without hydrocarbon 9,5 | — | 4,90 |3640,4) 2,747) — 
Benzene 10,5 | 0,4 | 1,80 |3402,7| 2,938] 1,92 
Monosec BB 16,8 | 0,098) 1,58 |2920,3} 3,424] 6,90 
10,5 | 0,044) 1,87 |3343,8) 2,990) 5,53 
Disec BB 9,2 | 0,097] 1,47 |2641,7| 3,785}10,67 
14,0 | 0,097) 1,52 |2768,0) 3,612} 8,92 
9,9 | 0,093} 1,43 }2552,1] 3,918]12 52 
Trisec BB 9,5 | 0,095} 4,42 |2534,3] 2,946}12, 60 
10,3 | 0,042) 1,67 |3089,0} 3,237|11,70 
14,1 | 0,023) 1,72 |3219,4| 3, 106/15, 60 
Di-n BB 8,7 | 0,098} 1,56 |2845,3] 3,514! 7,80 
17,2 | 0,094) 1,576)2877,0) 3,476|.7,75 
11,8 | 0,044] 1,876/3343, 8} 2,990) 5,51 
Ditert BB 13,9 | 0,100) 1,85 |3541,6) 2,823) 1,73 
11,7 | 0,044) 1,90 |3640,4] 2,747] 0,0 
Monosec AB 18,4 | 0,104] 1,50 |2703,0} 3,699] 9,43 
Monosec HB 14,0 | 0,1 | 41,40 |2485,4| 4,024112,76 


It was found that all these factors have a considerable influence on the intrinsic viscosity of solutions of 
polystyrene made by emulsion polymerization (Table 1), 


In the series of isomeric emulsifiers containing the butyl group, the di(tert-butyl) benzene derivative re- 
sulted in the highest viscosity of the polystyrene solutions, and the isomer with a butyl group of normal structure 
gave the lowest viscosity. The intrinsic viscosity of polystyrene prepared in presence of sodium di(sec-butyl) ben- 
zene sulfonate (di BB) is close to that of the polystyrene prepared with the aid of the isomer with a normal butyl- 
group structure (di-n BB). It follows that the molecular weight of the polymer increases with increased branching 
of the alkyl chain in the emulsifier. 


It was shown in an investigation of the number of alkyl groups attached to the benzene ring in the emulsi- 
fier on the molecular weight of polystyrene that the intrinsic viscosity increases in the series from the mono-~ to 
the tributyl sulfonate (tri BB) (Table 1). 


In our opinion the molecular weight of polystyrenes made with the use of different emulsifiers (Table 1) is 
influenced primarily by the micellar weight of the latter [1]. 


For example, the micellar weight of tri BB is considerably greater than the micellar weight of mono BB, 
Since all the polymerization experiments were performed at the same molar concentrations of the emulsifiers, 
in the case of tri BB there are roughly 9 times fewer micelles than in the case of mono BB; we may suppose that 
much less catalyst would enter the micelles, and the molecular weight of the polymer should be higher. 


Studies of polymerization in presence of isomeric dibutylbenzene sulfonates also illustrate the influence of 
the micellar weight of the emulsifiers on the intrinsic viscosity of polystyrene solutions, The lowest micellar 
weight of the emulsifier and the lowest intrinsic viscosity of polystyrene solutions correspond to the isomer with 
butyl groups of normal structure (di-n BB). Approximately the same micellar weights were found for isomers with 
secondary (disec BB) and tertiary (ditert BB) butyl groups, although the intrinsic viscosity of polystyrene prepared 
in presence of ditert BB was considerably higher than that of the polymer made with the use of disec BB. In our 
opinion, this difference of molecular weight could be correlated with the influence of the emulsifier on chain 
transfer. It may be supposed that the lower viscosity of the polystyrene formed in presence of the isomer with a 
secondary butyl~group structure (disec BB), and also of di-n BB, is the consequence of termination of the growing 
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polymer chain as the result of a reaction with the emulsifier through an active a hydrogen atom. The isomer 
with a tertiary butyl-group structure (ditert BB) does not have such active a hydrogen atoms. 


To verify the influence of the organic part of the studied emulsifier on chain transfer, we studied thermal 
polymerization of styrene in presence of the alkylbenzenes (Table 2) used for preparation of the emulsifiers. 


The data in Table 2 lead to the conclusion that structural isomerism of the alkyl group has the greatest 
influence on the molecular weight, and therefore on the chain transfer constant. 


The largest transfer constant is found with disec BB; the constant is somewhat smaller with the isomer of 
normal structure, while in the polymerization of styrene in presence of ditert BB,the chain transfer constant is of 
the same order as with benzene. This difference between the transfer constants should probably be attributed to 
the absence of active « hydrogen atoms in the tertiary isomer. Thus, the results of thermal polymerization in 
presence of solvents agree with the results of emulsion polymerization of styrene (Table 1) with regard to the 
influence of the hydrocarbon part of the emulsifier on the molecular weight of the polymer. 


The influence of the number of alkyl groups and of the length of the alkyl chain attached to the benzene 
nucleus on the molecular weight of the thermal polymer is less appreciable (Table 2), However, there is a tend- 
ency for the chain transfer constant to increase with increase of the number and length of the alkyl groups. 


Therefore, consideration of the role of emulsifiers in the polymerization process leads to the conclusion 
that, in agreement with modern views on the mechanism of emulsion polymerization, the colloidochemical pro-. 
perties of emulsifiers (solubilization, critical micelle concentration, micellar weight) are of primary significance. 
However, the experimental data suggest that the emulsifier is also involved in: chemical reactions taking place 
in the polymerization process; in particular, chain transfer. 


SUMMARY 


1, The rates of emulsion polymerization of styrene and of a mixture of divinyl with a-methylstyrene in- 
crease with the length and the number of the alkyl groups in alkyl aryl sulfonates, 


2. Structural isomerism of the alkyl groups attached to the aromatic nucleus in the emulsifier influences 
the polymerization rate of unsaturated compounds; in the polymerization of styrene in presence of a series of 
isomeric dibutylbenzene sulfonates,the most effective emulsifier is the isomer with a tertiary butyl group, and 
the least effective is the isomer with a secondary structure. The influence of the structural isomerism of these 
emulsifiers depends, in its turn, on the nature of the monomer: the emulsifiers form a different sequence in the 
polymerization of divinyl and of a mixture of divinyl with a-methylstyrene. The differences in the influence 
of isomerism of the butyl groups in alkylbenzene sulfonates on the polymerization rates of different monomers 
are in good agreement with differences in the solubilization of these monomers. 


3. Emulsifier structure influences the molecular weight of polystyrene. The molecular weight of polysty- 
rene prepared in presence of isomeric dibutylbenzene sulfonates increases with increased branching of the alkyl 
groups. The polymer of highest intrinsic viscosity in solution was obtained in presence of the isomer with a ter- 
tiary butyl~group structure, and the lowest in presence of the isomer of normal structure. The molecular weight 
increases with the number of alkyl groups and with increase in the length of the alkyl group. 


4, Styrene was thermally polymerized in presence of alkyl aromatic hydrocarbons used for the preparation 
of the emulsifiers studied; the molecular weights of the polystyrenes were determined, and the chain transfer con- 
stants were calculated. With the use of isomeric dibutyl derivatives the largest transfer constant was found with 
the di(sec~butyl) derivative, and the smallest with the tertiary isomer. The chain transfer constants increase with 
increase in the length and number of alkyl groups, 


5. It is suggested that the role of the emulsifier in the mechanism of emulsion polymerization is not only 
associated with colloidochemical factors, but that the emulsifier is also involved in chemical changes, including 
chain transfer. 


In conclusion, the authors thank Professor B, A. Dolgoplosk for valuable advice in the course of this investi- 
gation. 
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DETERMINATION OF THE ACTIVITY OF SODIUM IONS 
IN DISPERSE SYSTEMS 


N. A vakscomatrova and-Pe A. Kryukov 


The V. V. Dokuchaev Soil Institute, Academy of 
Sciences USSR, Moscow 


Determinations of the activities of different ions are of great interest in many branches of science. In 
pedology and agricultural chemistry, in many cases,it is extremely important to take into account the dissociated 
active portion of an element rather than its total content. This applies to determinations of the degree of dis- 
sociation of sorbed cations, changes of ion activity in coagulation and peptization processes, relationships be- 
tween the activities of ions and the mechanism of their entry into plants and between the activities of ions in 
humid soil, soil solution, and plant sap, changes ofion activities during application of fertilizers, the influence 
of accompanying anions on cation activities, and a number of other problems. 


i] 

Wide use is made in soil investigations of determinations of hydrogen-ion activity (pH); the most univer- 
sal method for its determination is the potentiometric method based on emf determinations of a cell in which 
the indicator electrode is a glass electrode which, like a reversible metal electrode, can respond to changes of 
hydrogen-ion concentration in solution. However, a glass electrode may, in accordance with the chemical com- 
position of the glass and the experimental conditions, be reversible not only with respect to hydrogen ions but 
also to other ions, including sodium ions, 


Shul’ts [1] has demonstrated that glass electrodes made from aluminum borosilicate glasses have a sodium 
function. This question has been developed further [2-4]. 


The existence of a sodium function in glass electrodes implies that when such an electrode is immersed 
in a solution containing sodium ions a potential difference depending on the concentration of sodium ions in 
solution arises in the circuit. In accordance with the operating conditions of the glass electrode, the measured 
potential difference is the resultant of the potential differences arising at the following boundaries: 1) between 
the glass membrane and the test solution, and 2) between the membrane and the solution inside the electrode. 
Since the solution inside the electrode has constant concentration, the potential difference arising at the bound- 
ary between this solution and the glass membrane must also be constant, and the measured emf depends on 
the activity of sodium ions in the test solution. In this case the glass electrode acts as a sodium electrode, re- 


versible with respect to sodium ions. 


The necessary requirements for determination of sodium-ion activity are 1) electrodes with a stable sodi- 
um function over a definite and not too narrow concentration range; 2) a potentiometric apparatus for measure- 
ment of the electrode readings with the necessary accuracy and reliability. 


Certain aluminosilicate and borosilicate glasses with different contents of NagO, B,O3, Al,Os and SiO, are 
used as electrode glasses with a sodium function, There is a definite relationship between the contents of these 
components and the electrode properties of the glass; in particular, with a high total content of boron and alumi- 
num oxides, the electrode can act as a sodium electrode over a wide range of pH. If the total content of boron 
and aluminum oxides is 14%, the electrodes retain their sodium function in neutral and even in acid solutions. 
Increase of the sodium oxide content and decrease of the silica content in the glass involves a decrease of elec- 
trode resistance, while replacement of part of the boron oxide by alumina protects the glass against loss of chem- 
ical resistance. Compositions of glasses with a sodium function are given in Table 1. 
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TABLE 1 


Characteristics of Glasses with a Sodium Function 
Contents of oxides, molar % 


11.0 3.0 


Code 
mark of 
glass 


Resistance, 
megohms 


Da ~ 500 
Di ~ 500 
No. 13 ~ , 
TABLE 2 
Potentials of Different Electrodes in mv 
oe Electrodes of Da glass| Electrodes of Di glass Electrodes of No. 13 glass 
6 | | eSSTF | 
oO 
Q =i I II III I II | III I | II | III 
fo} 
Zou 
0,0001 |—413, 5|—114, 7/—109,5|—113,9| —119,5 | —112,0 | —116,5 | —122,2 | —121,0 
0,001 |— 60,0/— 66,1)— 67,0|— 73,6] — 67,2 | — 69,5 | — 64,7 | — 70,0 | — 71,7 
0,01 — 4. 0l—-44,5|— 9, 81-16, 5) — 13,8 | — 14,7 | — 12:0 | — 17o 7 1842 
0,10 |+ 53,2/+ 43,8/+ 43,6/+ 40,44 — 39,5 | — 39,4 | + 43,5 |] + 37,7] 4 39,6 
1,0 +413,1|+ 99,6)+101,5)/+ 98,2) + 95,0) + 96,2 | +104,0 }] + 95,0} +101,0 
TABLE 8 
Variations of the Potential of Electrode From Giass No. 138 with Time 
NaCl emf, mv 
eee: 2/11 | 3/6 | 3/27 | 4/19 | 5/22 | 8/7 
0,0004 —109,0 —112,5 —111,7 —117,2 —117,7 —115,9 
0,004 — 68,0 — 73,0 — 73,0 =715;5 Sat — 7353 
0,01 E2085 — 23.0) — 20,5 = 23,0 ee, — 19,0 
0,05 ne + 17,5 + 18,2 49,7 = tea 
0,4 + 38,5 + 36,0 + 34,7 = MoS i) + 39,0 
1,0 +103,0 + 96,5 + 98,0 + 98,0 +. 94,5 +102,2 


The electrodes used were in the form of tubes 10-11 cm long. Each tube terminated in a small, fairly 
strong spherical bulb 8-10 mm in diameter; this was the active electrode surface. The electrodes were either 
made entirely from the electrode glass or, if little glass was available, fused electrodes were used with only the 
bulbs made of the electrode glass, The electrodes were filled with 0.1 N sodium chloride solution. To establish 
a stable sodium function, the prepared electrodes were first kept for 7-10 days in 0.1 N sodium chloride solution; 
they were placed in this solution after the experiments and permanently kept in it. If solutions of higher NaCl 
concentration are used for storage of the electrodes, the potential is established more rapidly; with less concen- 
trated solutions it is established more slowly. Therefore the concentration of the solution used for storage of the 
electrodes may be increased if this is required by the experimental conditions. 
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TABLE 4 


Effects of Nature and Concentration of the Anion on the Electrode Potential 


Solution con- |——--— oe emf, mv pepe nes : _ 
centration, N | | | 
Nal NaNo, NallCO, NaaO, NaySO, 
0,0004 —116,2 —110,4 —114,8 ~—108,5 —118,3 
0,0005 — 88,8 --- 76,4 — 82,4 — ee 
0,001 — 70,6 —- 65,4 — 67,7 -— 66,0 — 72,6: 
0,005 — 35,0 — 28,8 — 32,2 — 33,4 — 32,4 
0,01 — 16,3 -—— 14,1 — 15,0 -—— 13,8 — 18,3 
0,05 -- 18,1 +- 22,0 -- 18,4 + 19,4 +- 22,4 
0,10 -- 38,4 + 36,9 -- 37,6 -+- 39,8 34,7 
0,50 -+ 76,0 -|- 78,0 + 77,3 --+ 80,1 72 


TABLE 5 


Potential of a Glass Sodium Electrode in Different Solutions of Sodium Salts 


alt pro- Electrode 
Solution composition ner | readings, ps 
mv ae 
0,1N NaCl + 0,1 NaeSO, lee +42,2 6,44 
0,1N NaCl +0,1N NaHCO; Atal +41,8 8,55 
0,1N NaCl + 0,1N NaNOg3 eA +43,1 6,60 
0,1 NaCl + 0,1. NagSO4+ 0,1N gh oi lusail +42,6 8,52 
NaHCOg3 
0,1 NaCl 4- 0,1 NasSOq - 4:4:4:41 | +43,2 8,37 


+ 0,1N NaHCO3+ 0,1NNaNO3 j 


The sodium-ion activity was determined by measurements of the e.m.f. in the following cell: 


Ag | ee (0,1 N) | glass ey solution ! a | HgCl| Hg. 


The experiments are conducted by means of a potentiometric apparatus operating on the compensation 
principle, with a tube amplifier containing the IP-1£ electrometric tube of Russian manufacture. The amplifier 
was mounted in the body of the stand which carried the holders for a calomel half cell and the glass electrode. 
The cell used for the measurements was electrostatically shielded. The leads, especially the lead to the glass 
electrode, were thoroughly insulated. The purpose of all this was to avoid the effects of various kinds of elec- 
trical interference on the instrument readings and to ensure reproducible and more accurate results, The null 
instrument was a mirror galvanometer type MKIP with a sensitivity of 3.6- 10-? amp/mm, connected in the 
anode circuit of the tube. The emf measurements were accurate to 0.2 mv. Galvanometer readings were 
taken 5 minutes after immersion of the electrode into the solution and continued until the emf became con- 
stant. 


The sodium-function region of the electrodes was investigated with sodium chloride solutions varying in 
concentration from 1.0 to 0.0001 N at 18-20°, The experimental results show that most of the tested electrodes 
have a stable sodium function in the concentration range from 1.0 to 0.001 N. Some electrodes had a sodium 
function over a wider range of concentrations, giving satisfactory results even in 0.0001 N solutions. The poten- 
tials of glass electrodes in NaCl solutions of different concentrations are given in Table 2. A total of 65 elec- 
trodes were tested, ofwhich 34 gave satisfactory results, while 31 were rejected as having no sodium function, or 
having it only a very narrow concentration range. The existence of a sodium function in the glass electrodes, 
which is also the criterion of their satisfactory performance, was determined from the electrode potentials plot- 
ted in emf (abscissa) — pNa (ordinate) coordinates; the linear relationship so obtained and the slope of the line 
were close to the theoretical. 
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TABLE 6 


Sodium-Ion Activities in Sodium Humate Solutions 


glass 
electrode 


photometry 


Undiluted Undiluted 1.69 
fes'2 132 1.95 
1B tay PAL | 
eho 2.67 
1; 20 2.94 

TABLE 7 


Sodium-Ion Activities in Soils and in Isolated Soil Solutions 


Sampling pNa Nat activity, meq/liter 
Soil depth, | in moist| inisolated |in moist | in isolated 

cm soil solution | soil solution 
Solometz, R 73 0--20 1,84 4,91 14,4 LARS" 
20—40 Tee 1,78 AS 2 16,6 
40—60 i5o 4,56 28,1 Bia 
180—200 4,05 1,05 89,1 89,4 
Solonetz, R.112 0—20 1,68 1,68 20,8 20,8 
20—40 4,66 1,66 21,8 Ais 
40—60 1,65 4,66 Dene 21,8 
-400—120 4,36 1,38 43,6 41,6 
Solonetz, R.D-2 o—20 | 4,57 4,59 26,9 eae 
20—40 4,60 1,60 20,1 DAS 
40—60 4,80 1,84 15,8 14,4 
140—160 450 1,0 400,0 100,0 


For more complete characterization of the glass sodium electrodes,special experiments were performed to 
study their behavior in time, and their reversibility in determinations of cell emf with solutions of decreasing 
and increasing sodium~-ion contents, 


It follows from Table 3 that the electrode of No. 13 glass, less resistant chemically than Da and Di glasses, 
had a satisfactorily stable potential for a fairly long time. This makes work considerably easier, as the same 
electrode may be used with confidence for a long time. Moreover, the experiments showed that the electrodes 
made of the four investigated glasses operated equally satisfactorily in determinations on solutions both of in- 
creasing and of decreasing concentrations. This makes it possible to use the electrodes with solutions of different 
concentrations without the need for any particular sequence. 


To determine the influence of the nature and concentration of the anion on the behavior of a glass sodium 
electrode, emf was determined in solutions of various sodium salts of different concentrations. Table 4 con- 
tains the results of sodium~ion activity determinations in solutions of NaNOs, NaCl, NaHCOg, NayCO 3, NaySQ,. 


It is clear from Tables 4 and 5 that the nature of the anion has no specific influence on the sodium func- 
tion of the glass electrode, while concentration variations result in changes of the electrode readings indicating 
its reversibility with respect to sodium ions present in solution. The activity coefficients of Na* insolutions of the 
investigated sodium salts are evidently similar or equal over a fairly wide range of concentrations, from 0.5 to 0.0001 N, 
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For the use of glass sodium electrodes in $oil investigations it is very important to have information on 
behavior of the electrodes in solutions containing humic acids, Sodium~-ion activity was therefore determined 
in a solution of sodium humate isolated from sierozem. The humate solution was previously dialyzed through 
a cellophane membrane and filtered through a Chamberland candle. The sodium-ion activity of the resultant 
solution was determined by means of the glass electrode, and the concentration was determined by flame photom- 
etry. In addition, four more solutions were prepared by two-, five-, ten-, and twentyfold dilution of the origi- 
nal solution, and their sodium-ion activities and concentrations were also determined. The sodium-ion activi- 
ties were calculated by means of calibration graphs in which the electromotive force, in millivolts, was taken 
along the abscissa axis and the negative logarithms of the activity along the ordinate axis. The electrode was 
calibrated against NaCl solutions of known concentration, taken as standard, for which the sodium-ion activity 
was calculated from the concentration and the activity coefficient (y). The literature contains no data on the 
activity coefficient of the sodium ion separately, but there are average values of ion activities in NaCl solutions. 
It is therefore assumed,when the cell emf is plotted against the negative logarithm of the Nat activity that 
the activity coefficient of Nat in standard NaCl solutions is equal to the activity coefficient of NaCl: 


VNat == (Cl “Ve Nael - 


Our results show that the sodium concentration determined by flame photometry in the original solution 
and the solution after twofold dilution is somewhat higher than the activity as determined by the sodium glass 
electrode. There is some increase in the amount of sodium in solution as the result of dilution; this is indicated 
by both methods simultaneously (Table 6), 


In view of the fact that the original Na humate solution obtained from sierozem had a low Na concentra- 
tion, to confirm the observed effect we used a Na humate solution prepared as before, but from chernozem soil, 
and containing about twice as much Na. Four more solutions were made from it by dilution. 


Table 6 shows that the amount of Na in solution increases with dilution. Moreover, there is a more pro- 
nounced difference between the amount of Na determined by flame photometry and the active Na found by means 
of the glass Na electrode for all solutions, and especially in the original—the most concentrated solution. 


Direct determinations of Nat activity in moist soils and in solutions isolated from them are of considerable 
interest in soil science. 


We determined Na’™ activities in moist soils (water: soil ratio = 1:2) and in the solutions isolated from 
them. Samples of solonetz soils from the Arshan'-Zel'men territory (Sarpinskii province of the Kalmyk ASSR) 
were studied. For most of the samples taken,equal values of Na* were found in the moist soil and in the isolated 
solutions (Table 7). In some instances there is a small difference, 0.2-0.3 pNa units, between the values for the 
moist samples and for the isolated solutions, the Na* activity being higher in the soils than in the solutions iso- 
lated from them. 


When the glass sodium electrode is used for determinations of sodium concentrations in solutions and sus- 
pensions, for plotting of the calibration curve,concentrations instead of activities are taken along the ordinate 
axis, while emf values are taken along the abscissa axis. This construction, which assumes that activities and 
concentrations are equal, is permissible for ‘dilute solutions and for approximate determinations of Na* concen- 
tration. 


SUMMARY 


1. The behavior of glass electrodes, made from aluminosilicate and borosilicate glasses, in solutions of 
sodium salts was studied in order to find the conditions of their applicability to determination of sodium-ion 


activities. 


2, The investigated glass electrodes have a sodium function, and can therefore be used for determination 
of sodium-ion activities in soil solutions, suspensions, and moist soils. 


This work was carried out under the guidance of I. N. Antipov-Karataev, to whom the authors are deeply 


grateful. 


Lig 


LITERATURE CITED . 


[1] M. M, Shul'ts, Sci, Mem, Leningrad Univ., Chem. Sci. Ser., No. 13, 80 (1953); M. M. Shul'ts and 
T. M. Ovchinnikova, J, Leningrad Univ. No. 2 (1954); M. M. Shul'ts and L, G. Aio, ibid, No. 8 (1955). 


[2] P. A. Kryukov, M. M. Shul'ts, and V. £. Goremykin, Hydrochem. Materials 24, 23 (1955); V. E. 
Goremykin, ibid, 26, 23 (1957); V. E, Goremykin and P. A. Kryukov, Bull. Acad. Sci, USSR, Div. Chem. Sci. 
No. 11 (1957).* 


[3] N. O, Avakyan, Bull. Acad, Sci. Armenian SSR, Biol. and Agric. Sci. 7, No. 4, 69 (1954). 
[4] N. G. Zyrin and D. S. Orlov, Bull. Moscow Univ. Biol., Pedol., Geol., Geogr. Series, No. 1, 71(1956). 


Received January 16, 1959 


*See C.B. Translation. 


180 


ADSORPTION OF ALIPHATIC AMINES ON BENTONITE 
FROM AQUEOUS SOLUTIONS 


O. D. Kurilenko and R. V. Mikhalyuk 


The Kiev Technological Institute of the Food Industry 


Bentonite has an unbalanced crystal structure and may be classified as a colloidal electrolyte. From the 
point of view of its chemical composition and structure, bentonite may be considered as an aggregate of lami- 
nar molecules of an inorganic polymer capable of swelling. The laminar bentonite molecule consists of numer- 
ous unit cells. Each cell has a negative charge as the result of isomorphous replacement of AGE by Mg?* and 
oe, by Al** in the atomic lattice. The negative charge of such a cell is balanced by means of cations, usually 
known as exchange cations, Thus, the bentonite anion of colloidal size is bound to cations adsorbed on it from 
the dispersion medium. 


It has long been known that various organic cations form stable complexes with bentonites [1]. The stabil- 
ity of these complexes increases because cations are adsorbed on the surface of montmorillonite not only elec- 
trostatically, but also by means of van der Waals forces [2]. The practical importance of organic bentonite com- 
plexes is very great. The potentialities in the production of bentonite derivatives having a number of new pro- 
perties, necessary and useful for practical purposes, cannot be overestimated. For example, it is possible to pre- 
pare bentonite derivatives with specific adsorptive capacities or catalytic activities. Organophilic bentonites 
can be used as active fillers in plastics and rubbers, and as thickeners in greases, 


However, despite the fact that many authors have noted the specific interaction of bentonite with organic 
cations, the number of publications dealing with quantitative aspects of the formation of organic complexes of 
bentonite is rather small, Work on theoretical aspects of the production of organophilic bentonites is also back~- 
ward, For these reasons quantitative investigations of the mechanism of reactions between bentonites and organic 
substances are of extreme topical importance. 


The purpose of our work was to study adsorption of higher aliphatic amines on bentonites, in quantities 
several times greater than the exchange capacities of the latter. 


A fo aqueous suspension of askangel was prepared for the investigation; this material is a highly disperse, 
strongly swelling sodium bentonite with a cation-exchange capacity of 80 meq/g [3]. The suspension was left 
to settle for three days at room temperature; the nonclay sediment was then separated off,and the suspension, 
containing the fine fractions, was evaporated on the water bath. 


The amines were previously converted into the chlorides or acetates by addition of equivalent amounts of 
the corresponding acids, and then dissolved in water. When dilute aqueous solutions of amine salts were added 
to bentonite suspensions, flocculation took place very rapidly; after thorough stirring of the suspension the pre- 
cipitate was filtered off, washed with water to remove inorganic salts, and dried under vacuum (10 mm) at 
65° for 12 hours. A part of the flocculated suspension was centrifuged, and the surface tension of the centrifugate 
determined by the method of maximum bubble pressure, The equilibrium concentration of the amine remaining 
in the liquid phase was estimated from the surface tension of the centrifugate, and the precipitate was analyzed 


for nitrogen content by the micro-Kjeldahl method. 


The interaction of bentonite with solutions of amine salts was studied over a wide range of concentrations, 
It is clear from Fig. 1 that up to a certain concentration the adsorption of trimethyloctadecylammonium chloride 


proceeds irreversibly. 
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It follows from a comparison of the isotherms in Fig. 2 that 
aliphatic ammonium compounds with large cations are adsorbed 
in greater amounts. This is consistent with the fact that the at- 
traction force between a molecule and a surface increases with 
the size of the molecule in inverse proportion to the cube of the 
distance between the center of the molecule and the surface. As 
: ‘ , Q a result, the molecules lie flat on the bentonite surface [4]. . It 
0 02 O4 06 08 C.% was shown by Grim [5], and even earlier by Gieseking [1], that 
the amount of inorganic cations passing into solution in exchange 
reactions of organic cations with bentonites corresponds to the ex- 
change capacity of the latter. 


6dynes+cm*! 


Fig. 1. Variations of surface tension 
(9) of aqueous trimethyloctadecylam~ 
monium chloride solutions with con- 


centration: 1) pure solution; 2) after The considerably greater adsorption of the amine on Na 
addition of 0.5 g of askangel; 3) the bentonite as compared with Ca bentonite (Fig. 2) is partly due to 
same, 1 g of askangel; 4) the same, the fact that the former is much more dispersible in water than 

2 g of askangel. the latter. 


Mering [6] considered the dispersion of individual layers of 

montmorillonite crystallites in dilute aqueous suspensions and found 
that for Ca and H montmorillonites,base reflections are observed in the x-ray patterns even if large amounts of 
water are present, There are several signs that Na montmorillonite is dispersed down to the individual silicate 
layers. Mering found that the interplanar spacing of 20 kx found for Na montmorillonite in the moist state grad- 
ually vanishes as the amount of water is further increased. This effect might be attributed to instability and 
complete dispersion on the sheets at high water contents. However, Mering did not reach this conclusion but 
considered that the diffuse character of the reflections is rather the consequence of bending of the layers. 


Schofield's [7] calculations based on Mattson's data on Na montmorillonite showed that the surface areas 
of the particles correspond to a particle thickness of 18 kx, i.e., to almost complete dispersion of the substance. 
Shaw [8] also interpreted electron micrographs of Na montmorillonite as evidence in favor of complete separa- 
tion of the layers. 


Bradley and Grim [9] concluded that Na bentonite is dispersed down to the individual silicate layers, where- 
as in Ca bentonite apparently a low degree of order is retained between small groups of several neighboring 
layers. The same number of disperse particles is obtained from 1 g of sodium bentonite as from 3 to 4 g of Ca 
subbentonite. 


Therefore differences in the dispersity of sodium and calcium bentonites may be among the possible fac- 
tors influencing the degree of adsorption of surface~active substances on montmorillonite. Another possible fac- 
tor is the difference between the strength of bonding of Na and Ca ions with the montmorillonite surface; i.e., 
the possibility that the organic cations are exchanged more easily with Na* than with Ca*, 


As already stated, when dilute aqueous solutions of amine salts were added to diluted bentonite suspensions, 
rapid flocculation took place. In the amine concentration range from 75 to 125 meq per 100 g of bentonite,the 
flocculated clay had the maximum sedimentation volume. The amounts of amine adsorbed (determined by the 
Kjeldahl method and found from surface tension determinations) in this concentration range indicated that the 
amines were completely bound by the bentonite, 


In measurements of the heats of wetting by water of dried precipitated amine — bentonite complexes with 
different amine: clay ratios,it was found that the hydrophily minimum is in the same concentration range (80- 
120 meq) (Fig. 3). 


All the foregoing is consistent with yet another property, discovered by Jordan [10] in his work on aminated 
bentonites. He found that the viscosity of an aqueous bentonite suspension varies with the amount of amine added, 
the maximum viscosity being found when the cation-exchange capacity of the bentonite is fully saturated. Thus, 
the minimum hydrophily found by us indicates the optimum conditions under which the most hydrophobic aminated 
bentonites are obtained. It seems likely that up to the concentration corresponding to the hydrophily minimum, 
adsorption of amines proceeds by an ion-exchange mechanism and is more stable than the second type of adsorp- 
tion,which also occurs, It is supposed that the second type of adsorption (above the cation-exchange capacity of 
the bentonite , occurs as the result of van der Waals attraction between thebentonitesurface and the amine molecules. 
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chloride; 5) Wyoming bentonite and n-butyl- 
amine acetate (after Grim); 6) Ca askangel 
and methyloctadecylamine chlorides. 
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Fig. 3. Effect of different amounts 
of trimethyloctadecylammonium 
chloride bound with askangel on its 
heat of wetting by water. 


The question arises whether the amines adsorbed 
in excess of the exchange capacity are held as ions or 
as undissociated molecules of organic electrolytes. In 
this connection we must first consider the state of ali- 
phatic amine salts in aqueous solutions. Ion exchange on 
bentonite in solutions of inorganic electrolytes is a fairly 
complex effect, as a number of competing reactions occur 
simultaneously. This is correctly pointed out by Lewis 
[11]. The specific processes taking place in the interac- 
tion of bentonite with aqueous solutions of organic elec- 
trolytes are probably no simpler, and therefore there is 
great danger in applying the exchange laws for inorganic 
electrolytes to organic electrolytes. 


First, it is difficult to agree with the views of a 
number of foreign workers (Jordan, Slabaugh, Grim and 
others) who, in their attempts to explain the mechanism 
of amine — bentonite interaction ignore the important dif- 
ferences between the states of lower and higher amines in 
aqueous solutions. 


The physicochemical properties of amines dissolved 
in water were studied by Ralston et al. [12]; they found 
that whereas in aqueous solutions of lower amines a mole- 
cular mechanism applies, in the case of higher amines 
the possibility of micelle formation must be taken into 
account. Therefore the attempt of Grim and others to 
consider the adsorption mechanisms of, say, butylamine 
and octadecylamine from a common viewpoint is probably 
unjustified. These workers used equal solution volumes 
and equivalent concentrations of amines with four, twelve, 
and eighteen carbon atoms in the chain. However, where- 
as in the first case a molecularly dispersed solution may 
be assumed, micelle formation undoubtedly took place 
in the second and especially in the third case. Therefore, 
the latter solutions must have contained amine micelles 
in addition to ions and undissociated molecules. 


It was noted in early publications by Rebinder and 
his school [13] that the hydrophobizing adsorptive action. 
of salts of the higher fatty acids, which are very similar 
in their properties to amine salts, in very dilute aqueous 
solutions is caused mainly by the molecularly and ionically 
dispersed portion of the soaps. The colloidal portion of 
the soaps, consisting of fairly large micelles, can have 
only a hydrophilizing effect when adsorbed on mineral sur- 
faces. 


One cannot speak only of an ionic adsorption mech- 


anism in relation to solutions which are known to contain micelles. 


Comparison of data available in the literature with our experimental results led us to the conclusion that 
the following conditions are necessary for studying the interaction of bentonites with amines in an aqueous medi- 
um: 1) the bentonite should have the maximum degree of dispersion in the aqueous suspension, 2) the concen- 
trations of higher-amine solutions must not exceed the critical concentrations of micelle formation. 
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It should be pointed out here that the volume critical concentration of micelle formation is very strongly 
influenced by the length of the hydrocarbon chain, For primary-amine acetate ions the critical concentration 
of micelle formation depends on the number of carbon atoms in the chain in the following manner [12]. For a 
chain with eighteen carbon atoms (Cg) the critical concentration of micelle formation is 0.0003 M; for Cy, 
0.0008 M; for C44, 0.004 M; for Cy2, 0.013 M; for Cyo, 0.04 M; and for C, it is very high. 


Gaudin and Fuerstenau [14] consider that even if the volume concentration of a given amine is below 
the critical concentration of micelle formation, the concentration in the (Stern) double layer is higher, and mi- 
celles are adsorbed on the bentonite surface. 


SUMMARY 


1, Two types of amine adsorption on bentonite have been established — irreversible ionic and reversible 
physical. 


2. The adsorption of amines on Na bentonite is several times as great as on Ca bentonite. An explana- 
tion is put forward for this effect. 


3. Measurements of heats of wetting showed that inversion of the hydrophilic surface of bentonite takes 
place in the region of total saturation of its exchange capacity by the amine cations. 


4. A mechanism for the adsorption of amines on bentonite in an aqueous medium is postulated on the 

basis of a number of the properties studied. 
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EFFECT OF EXCHANGE CATIONS ON THE STRUCTURAL 
AND MECHANICAL PROPERTIES OF SOILS 


L. Ya. Mamaeva 


The V. V. Dokuchaev Soil Institute, Academy of 
Sciences USSR, Moscow 


The role of exchange bases in variations of the structural and mechanical properties of disperse systems 
is known to be considerable. The mechanism of such variations is not yet fully understood. It was necessary 
in this connection,to determine the relationships between a number of structural and mechanical properties of 
humus soils and soil systems without organic matter, their moisture contents and the solubilities of their com- 
ponents, including humus, certain silicates, and carbonates. It was required to investigate such properties as 
dispersity, cohesion and strength (cohesional properties), and contraction (shrinkage), 


Samples of chernozem (Kursk province) with exchange capacity of 32.3 meq, and a top loam (Moscow 
province) with exchange capacity of 16.2 meq, were taken for the study. The samples were saturated with Ca, 
Mg, K, and Na cations, 


The dispersities of the soil samples saturated with various cations are given in Table 1. The highest dis- 
; , a + 
persities are found for chernozem and top loam saturated with Nat, The dispersity is decreased by K*, Mg" ; 
+ : 
and Ca’? exchange cations. 


The increase of dispersity after destruction of the organic matter (see Table 1) is due to the fact that under 
the influence of K, Mg, and Ca cations introduced into the chernozem,the organic matter is coagulated first, 
with formation of the corresponding humates on the surfaces of the dispersed particles; these humates inhibit 
the coagulation of the mineral particles. Aggregation of the particles is effected in this instance by the cement- 
ing action of Mg and Ca humate films on a part of the colloid substance. 


Swelling. The swelling of chernozem and top loam, saturated with exchange cations, was found from the 
volume increase produced by sorption of water. The swelling was determined in an apparatus in which the height 
of the swelling layer was measured by means of an indicator (sensitivity +0.01 mm). The following technique 
was used: the sample was placed in a crucible with a porous bottom covered with filter paper, and compacted 
by means of 3-4 washings with alcohol under vacuum, so that the particles were dehydrated and packed more 
closely. The crucible was stood on sand in a vessel into which water was poured up to the level of the crucible 
floor; hydrostatic upthrust due to the water was thus eliminated. The sample in the crucible was covered with 
a perforated plate (to allow air to escape), and the indicator tip was placed in contact with the plate. The 
degree of swelling was determined when the volume ceased to increase, and the amount of water taken up by 
the sample was a measure of its total moisture capacity (Table 2). 


Comparison of the swelling of chernozem and top loam containing the same exchange cations shows that 


humus soils have a higher degree of swelling; this should be attributed to the high hydrophily of humates. Ex- 
change magnesium increases somewhat the swelling of chernozem, but its action both in chernozem and in top 


+ 
loam approaches that of Ga’): 


The amount of water in chernozem and top loam after swelling is complete and represents their total water 
capacity or water absurption. The total water capacity of humus soils is much higher than that of humus-free 
soils (Table 3). Sorption of water by soils (swelling water) involves all types of water, including: 1) free water 
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TABLE 1 (in pores and capillaries); 2) water within the range 
of the molecular influence of the soil~particle sur~- 


Dispersity of Soil Samples Saturated with Different faces, osmotically bound water; and 3) adsorbed or 
ee oletige OlHoHs firmly bound water. Both in chernozem and in top 
: SS aren loam, the water uptake depends on the nature of the 
‘b contents of particles < 1 adsorbed ions, and conforms to the lyotropic series: 

eat after saturation with exchange Na> K> Mg> Ca, 


cations 


out The maximum hygroscopicity is not in any clear 


relationship to the nature of the exchange cation, but 
it is somewhat higher in humus soils. The osmotically 
bound water, or molecular moisture capacity,in 
Lebedev's terminology, was determined by his film- 


Chernozem 


Chernozem with equilibrium method. Even the approximate values for 
out organic the amounts of this type of water show that they de- 
Piacter si pend on the nature of the exchange cation. This also 

Top loam 1,2 applies to free water (pores and capillaries, Table 3). 


With Na* saturation the greatest amount of os- 
motically bound water was found in chernozem; the amount in top loam was only one half of this. This may 
be attributed to the greater hydrophily of Na ienraven? Ca and Mg humates do not have these properties, Cher- 
nozem and top loam saturated with Ca" a and Mg” contain equal amounts of osmotically bound water, but these 
are considerably less than in the corresponding samples saturated with Na*. The proportions of osmotic and free 
water in these systems should be different. 


Thus, in Na chernozem the ratio of osmotic to free water is 3: 1, while in Ca and Mg chernozems it is 
1:2. In top loam the ratio is 1:1 for all the exchange cations. This indicates that there is less free water in 
Na chernozem because of the small number of pores and capillaries. In Ca and Mg chernozems there is twice 
as much free as osmotic water, because of the higher aggregation by the action of Ca and Mg humates, with 
formation of numerous pores and capillaries. Owing to the absence of organic matter, aggregation,and therefore 
porosity, is slight in Ca and Mg top loam, and therefore their water contents are one half that of Ca and Mg cher- 
nozems, This may serve as a measure of the packing density of soil layers free from organic matter. 


Cohesiveness of moist soils. The cohesive properties were determined with the aid of the "adhesiometer” 
by means of tensile tests on briquets of soils and clays saturated with different cations and with different mois- 
ture contents. 


The determination technique was as follows. The moistened sample was placed in a specially designed 
holder (consisting of two separate parts joined by means of a coupling joint) and packed down by means of a 
press, the pressure being 12.5 atmos in all cases. The lower end of the holder was screwed to the instrument 
stage, while the upper end was attached to a rod with a spring calibrated against a graduated scale. The coup= 
‘ling joint of the holder, with the packed sample of chernozem or loam in it, was unscrewed, and the upper and 
lower ends of the holder were left free. A tension was set up in the spring by a turn of a screw, and when this 
tension exceeded the cohesive strength of the briquet,the latter broke at the section where the two parts of the 
holder were Fone: The work of rupture, indicated on the graduated scale by the tension of the spring, was ex- 
pressed in kg/ cm’, The results were plotted against the moisture contents, 


The cohesive properties of chernozem soils saturated with different cations are plotted against the mois- 
ture content in Fig. 1. The curves show that there are two points of maximum cohesion, at different moisture 
contents. 


The highest cohesion is found in Na chernozem; the first cohesion maximum was found at 12 -12.5% mois- 
ture content (maximum hygroscopicity 1.2). The second maximum, considerably higher than the first, occurs 
in the 18-20% moisture range (at double the maximum hygroscopicity). The cohesive forces in Ca and Mg cher- 
nozems are much lower than in Na chernozem, and the first cohesion maximum for these chernozems appears at 
9.5-10.5% moisture, which is lower than for Na chernozem, while the second maximum, almost equal in mag- 
nitude to the first, appears at a higher moisture content (20-22.5%). The first cohesion maximum is little in- 
fluenced by the nature of the adsorbed ions, whereas the influence of the exchange cations on the second maxi- 
mum is quite distinct. 
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TABLE 2 To find whether the existence of two cohesion 
Swelling of Soils Saturated with Different Exchange ae aoe for chernozems at eat moisture ee 
Chilank is due to the presence of organic matter or to the in- 
fluence of the mineral composition, the cohesion prop- 
erties of Ca and Mg chernozems from which organic 
Matter was removed by means of H,O, were determined 


(Fig. 2). 


Volume increase in % of original, 
on saturation with exchange 
cations 


It is seen in Fig. 2 that the second maximum 
disappears from the curves; only one remains, in the 
same moisture range (12.5%) as the first maximum for 
the original chernozem. The cohesion properties of 
Ca and Mg chernozems are more than doubled on re- 
moval of organic matter; this effect isespecially prom- 
inent in presence of exchange Mg. 


Chernozem 


Top loam 


Top loam (Fig. 3) also gives only one maximum on the cohesion curve, as in the case of chernozem free 
from organic matter, but the cohesive forces between the loam particles are very much greater than in cherno- 
zem with all the exchange cations. The high cohesion of loam saturated with Ca** and Mg", which differs 
little from the cohesion of Na loam, should be especially noted. 


The considerably higher cohesion of humus-free soils, especially after saturation with bivalent cations, 
in comparison with the corresponding chernozems, must be attributed to closer packing of the mineral particles, 
and therefore to a greater contact area, than that found in Ca and Mgchernozems aggregated by means of hu- 
mates, 


The appearance of cohesive. properties in moistened materials of different types is due to interaction of 
hydration layers, differing in properties and magnitude, on the surfaces of the dispersed particles. In Figs, 1-3 
the cohesive properties increase on the left-hand side of the curves up to a definite maximum, beyond which 
further increases of moisture content alter the properties of the hydration layers and the cohesion forces begin 
to diminish. 


The existence of cohesion under conditions of increasing humidity, when no cementing material is pre- 
sent as yet, must be attributed to forces of molecular interaction between the boundary surfaces of the solvation 
layers on the particles. If the thickness of the solvation layers is increased above a certain limit, disjoining ef- 
fect begins to operate. 


A characteristic feature of the cohesion properties of chernozem soils is that,beyond the first cohesion 
maximum, thickening of the hydration layers lowers the cohesion of the soil. The formation of a second maxi- 
mum with further thickening must be ascribed to cementing of the particles by soluble humates; this effect was 
discussed in detail by Vershinin [1]. 


Strength (cohesive properties) of dry chernozem and top loam samples. The strength of dry soils depends 
on the nature of the surfaces by which the particles are bonded. 


The strength of dry soil aggregates was measured in terms of the work required to break down the bonds 
between dehydrated particles; the aggregates were crushed in a special attachment to the "adhesiometer” 
(Table 4). 


The different values obtained for the strength of the soil aggregates are due to differences in the nature 
of the surface layers through which the particles are joined. It must be remembered that dry aggregates are 
formed by the drying of highly humidified soils, so that the conditions are favorable for the maximum surface 
dissolution and formation of cementing substances. In chernozem soils the soil particles are cemented by hu- 
mate layers, The cementing strength of the humates depends on the nature of the cations adsorbed in them, 
which determine differences in the solubilities of the humates; this is confirmed by the example of Na cherno- 
zem. The fact that Na chernozem has the highest strength is due not only to the cementing power of Na hu- 
mates, but also to the large total surface area of contact in it, because the dispersity of Na chernozem is high, 
owing to its maximum peptization. In coagulated and aggregated chernozems the smaller area of contact and 
the lower solubility of Ca and Mg humates result in a considerable lowering of aggregate strength. © 
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TABLE 3 


Water of Swelling and Differential Moisture Contents in Chernozem and Top Loam Saturated 
with Different Exchange Cations, in % per 100 g of Dry Soil 


Differential moisture contents 


Soils Exchange| Water of| maximum hy~| osmotically | free (pores 
: cations | swelling groscopicity |bound and capillary 
Chernozem Nat 101,4 40,40 72,80 17,90 
Kt 84,1 8,74 37,66 37,70 
Mg?+ (ig? 9,66 21,24 40,35 
Ca2t 70,2 8,54 20,16 44,50 
Top loam Nat 84,7 8,05 35,85 40,80 
Kt 46,6 1,22 17,98 21,40 
Mg?* 51,0 Ute 20,18 23,90 
Ca2* 47,0 HS “CE AZ 22 AO 


In humus~-free loam the nature of the surface layers of the particles is not the same as in chernozem, and 
the particles are bonded as the result of molecular interaction of the mineral layers. The possibility is not ex~- 
cluded that the products formed by surface dissolution of silicate particles, in the form of films of colloidal SiO,, 
may have a cementing action. The formation of such films on mineral particles is described by Grebenshchikov 
[2], who noted that,with increase of the moisture content of clay minerals,the films of colloidal SiO, can swell 
and decrease cohesion between the particles, whereas dehydration of the film results in increase of mechanical 
strength. Therefore,in humus~free soils the considerable strength of dry aggregates may be due not only to close 
packing of the particles, as in cohesion in presence of moisture, but also to the cementing action of colloidal 


SiO,. 


Shrinkage (contraction) of soils on drying, or decrease of volume, is an effect which is the opposite of 
swelling; therefore it must be determined by the hydrophily of soils, which is in turn determined by the nature of 
the particle surface, The contraction mechanism is such that drying causes the particles to pack more closely, 
and this leads to direct contact between them, The contracting water menisci exert contracting forces and also 
determine the cohesion of soils at each moisture stage, Contraction of the capillary walls as moisture evaporates 
causes stress in the drying system; the resulting overstrain breaks down the continuity of the disperse system, with 
formation of cracks. This effect was used in the development of a method for determination of shrinkage during 
drying by measurement and summation of the cracks formed. 


The following technique was used for the determinations; a suspension of the material, with excess mois- 
ture, was put in a Petri dish and dried, The dry cracked surface of the system was photographed, magnified 3-4 
times in the epidiascope, and the separated portions and crack widths were outlined on thin and smooth paper. 
The length and width of the cracks were measured on the enlarged drawing by means of a “curvimeter."” To 
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TABLE 4 


Strength of Dry Soil Aggregates Saturated with 
Exchange Cations 


Crushing strength in g/mg of 
soils saturated with exchange 
cations 


Soils 


Chernozem 


Top loam 


TABLE 5 


Contraction in Soils Saturated with Various 
Cations 


Contraction in % of the area of 
the moist mass, saturated with 
exchange cations 


Soils 


Chernozem 


Chernozem with- 
out organic 
matter 


Top loam 


Work of rupture, kg/crn? 
SS 
Ss 


~ 
8s 


20 a4 


«| 12 16 
Moisture, % 


Fig. 3. Work of rupture in kg/cm? required 
to overcome cohesion forces in top loam sat- 
urated with different cations: x) maximum 
hy groscopicity. 


determine the area of the cracks, which represents 
the shrinkage of the sample, the outlined separate 
portions were cut out of the enlarged drawing and 
the crack areas were determined by weighing (the 
method used by cartographers for area determina- 
tion) from the weight ratios of the paper correspond- 
ing to the separated portions and the cracks, 


The course of shrinkage was determined by 
a similar photographic method, with calculation 
of the area ratios of the separated portions and cracks, 
but at different moisture contents during drying of 
the disperse system. 


Table 5 shows that exchange cations have a 
greater influence on shrinkage in chernozem soils 
than in humus-free soils. For example, the con~ 
traction of Na chernozem is 30%, while that of Ca 
chernozem is only 10%, 


These results are in very good agreement 
with the swelling data; the swelling of Na cherno- 
zem was found to be three times that of Ca cher- 
nozem. After removal of organic matter from Na 
chernozemsthe shrinkage decreased by nearly 50%, 
owing to loss of hydrophilic humates, whereas in 
humus~free Ca chernozem the shrinkage increases 
as the result of liberation of the dispersed mineral 
portion previously aggregated by means of the Ca 
humates. 


After removal of organic matter from cher- 
nozem, the influence of exchange cations on the 
contraction of these soils, as in the case of toploam, 
is slight, and the contraction values differ little 
from each other. In these soils adsorbed Ca and 
Mg cause only a little less shrinkage than satura~ 
tion Na* (Table 5). 


These results confirm once again that in cher- 
nozem soils exchange cations have a larger effect, 
and over wide ranges, on the shrinkage, whereas in 
top loam and humus-free soil the differences in the 
influence of different kinds of exchange cations are 
less pronounced. 


From the standpoint of colloidomechanical 
effects, the most interesting aspect is packing of 
the particles in the course of evaporation of differ- 
ent types of moisture. It was shown by Kolyasev 
[3] that moisture evaporates in the following se- 
quence: gravitational water, film water, solvation 
layers, The importance of the sequence in which 
different types of water evaporate is that the vary- 
ing (transitional) thickness and properties of the 
hydration layers in the course of evaporation deter- 


mine,during coalesecence,not only cohesion forces, but the force of self-packing, which develops as the result 
of the contracting forces of the shrinking menisci. Determinations of the course of shrinkage showed that self- 
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packing during shrinkage is influenced by the properties 

of the hydration layers, which are determined by the na- 
ture of the adsorbed cations. The course of shrinkage was 
determined for Na and Mg chernozems, in order to demon- 
strate the influence of univalent and bivalent cations in the 
sorption complex. 


Shrinkage data plotted as a function of the differen- 
tial moisture content (found in determinations of swelling 
water) (Fig. 4), show that shrinkage begins in the free- 
water region, but at a definite free-water content. Thus, 
in the case of Na chernozem,shrinkage began at 87.4% 
moisture content, and in the case of Mg chernozem,at 
55%, despite the fact that the moisture content of the sus- 
pension when mixed was considerably greater. Terzaghi 
[4] and Pokrovskii [5] put forward the view that shrinkage 
can begin when water filling the pores is lost from the 
soil, and conditions of a three-phase state arise for devel- 
opment of meniscus forces, which is possible only in the 
capillary — water region. It seems likely that the start of 
shrinkage in the studied materials was detected in the capillary-water region. The dynamic shrinkage curve 
shows that shrinkage continues as the capillary water evaporates, but the contracting forces in this case are ex~ 
erted by annular menisci or film bands of osmotically bound water. This is not in agreement with the view of 
Terzaghi and Pokrovskii, according to whom a "shrinkage limit” is reached during evaporation of the capillary- 
water menisci, beyond which the residual moisture evaporates but no shrinkage takes place. This evaporation 
process without shrinkage of the system results in formation of air layers on the particles and disintegration of 
the aggregates. It is evident that the self-packing process must take place before total evaporation of the water 
in order to ensure direct contact between the particles which determines the strength of dry soils. 


Shrinkage , %o 


Moisture, % 
Fig. 4. Dynamics of contraction (shrinkage) 
in Na and Mg chernozems at different mois~ 
ture contents: 1) maximum hygroscopicity; 
2) osmotic water; 3) free water; x) start of 
contraction (shrinkage). 


Here the influence of the exchange cations is that exchange Na not only determines the thickness of the 
hydration layer, which is increased by the presence of Na humate films with cementing properties, but the peptiz- 
zing action of Na” results in the formation of a larger number of contacts, and therefore of contracting menisci, 
than in presence of Mg’; this results in a higher pressure in the self~packing system, giving rise to higher strengths. 


SUMMARY 


1. The structural and mechanical properties of soils are determined by the nature of the interacting ad- 
sorption layers on the particle surfaces. 


In humus soils,contact is effected through layers of organic substance which, according to conditions, may 
decrease strength in the hydrated state or increase strength in the dry state by their cementing action; the strength 
depends on the amount of dissolved organic substance. The degree of hydration and solution of the humates is 
determined by the adsorbed cations. Univalent exchange cations result in greater solubility and hydration of 
humates than bivalent ions, and therefore the structuromechanical values are considerably greater for the former. 


2, In top loam and humus-free soilsparticle interaction is effected through the surfaces of the mineral 
particles, which have low surface hydration; the swelling and shrinkage are therefore less. The greater cohesion 
of moist, and strength of dry, humus-free soils must be attributed to close packing of the particles owing to ab- 
sence of humates. Another possibility is surface dissolution of silicate particles, leading to formation of colloidal 
SiO, films which, in the hydrated state, apparently have a stronger cementing effect than films of organic ma- 
terial, and on dehydration, result in high bonding strength even if the complex is saturated with exchange Gat? 


or Mg"*, 


I thank Academician of the Academy of Sciences, Tadzhik SSR,I. N. Antipov~Karataev for guidance and 
help in this work. 
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APPLICATION OF THE SIMILARITY THEORY 
IN CALCULATIONS OF THE FLOW OF 
PLASTIC GREASES IN PIPES 


A. A. Mamakov, N. V. Tyabin, 
and G. V. Vinogradov 


The S, M. Kirov Institute of Chemical Technology, Kazan' 


At the present time design calculations relating to centralized feed systems for plastic greases* used in . 
metallurgical works are based on experimental curves for the flow rate per second as a function of pressure[1, 2]. 
Unfortunately, the generally accepted methods of hydraulics are not used in such calculations, and no account 
is taken of the fact that during the past ten years considerable experimental data on the flow of greases in cap- 
illaries and pipes has been obtained by Vinogradov, Pavlov, Petrovskii, and others [3-5]. It has become neces- 
sary to generalize the extensive experimental data on the flow of greases in pipes by the methods of the simi- 
larity theory. This is all the more necessary because these methods have been widely used for generalization 
of experimental data on the flow in pipes of various suspensions [6], latexes [7], cement slurries [8], napalm 
solutions [9], clay suspensions [10, 11], peat slurry [12], and coal — oil paste [13]. 


Typical flow curves for a grease (solidol), determined at various temperatures by means of the rotational 
viscosimeter, are shown in Fig. 1. Progressive increase of the velocity gradient yields the ascending branch AB 
of the flow curve. Decrease of the velocity gradient gives the descending branch BC, Irreversibility ofthe curves 
is due to breakdown of the thixotropic structure of the grease. After breakdown of the structure,the flow process 
(descending branch of the curve) becomes reversible. 


Measurements performed on the flow of greases in capillary viscosimeters yield only ascending curves, of 
the same type as those obtained with the rotational viscosimeter. Therefore ,if the flow curves for greases have 
been determined by means of rotational viscosimeter, the calculations relating to the flow of these materials 
in ducts should be based on the ascending branches of the curves. 


Repeated attempts have been made to present experimental data on the flow of greases in pipes in the 
form of relationships between dimensionless quantities. Arveson [14] made an early attempt to represent the 
viscosity properties of greases of different compositions over a wide temperature range by means of a single uni- 
versal curve. However, the points on the generalized graph were very scattered, and the results could not be 


used for calculations. 


Weltmann [15] proposed methods for calculations of pressure drop in the flow of greases through pipes on 
the assumption that the flow of greases conforms to the law of internal friction 


where N is a structure number. The relationship between the mean velocity gradient D and the tangential stress 


7 was determined by Weltmann in a rotational viscosimeter for an average gap radius between the cylinders. As, 
in general,N depends on D for greases, relationship (1) plotted in logarithmic coordinates gives a curve, According 


* The term “grease” will be used in this paper instead of "plastic grease.” 
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to Weltmann, the flow of greases may be characterized by two properties: N and the effective viscosity Neff = 
7/D. On the other hand, in Weltmann's opinion the flow curve for a grease may be replaced by its tangent, and 
then greases may be considered as viscoplastic materials with the following parameters: ®, the yield value and 


u} pl: plastic viscosity. 


From the obvious theoretical relationships 


64 Pl G4 3 
MFR B00) Re) 4 
Weltmann [15] plotted the theoretical graph 
X= f(Re, Pl, ), (2) 


where 2 is the resistance coefficient of the pipe; Re = vdp/n is the Reynolds number; P1 = @d ‘api v is the 
plasticity number; v is the average velocity; d is the diameter; Co = 416/Apd; 1 is the length of the pipe; Ap 
is the pressure drop; 1 is the viscosity. 


Weltmann proposes the following methods for calculation of flow in pipes. 


1, For fixed values of the flow rate q and d, a plot of (1), analogous to Fig. 1,is used to find the structure 
number N, and the equation of Farrow, Lowe, and Neale [16] is then used to find the velocity gradient at the 
pipe wall 

_ 20(N +3) 


: (3) 


The flow curve is used to find Hegf, and Re is calculated. The values of Re and N are used to find A and the 
pressure drop from a plot of the relationship (2). 


2. The flow curve is replaced by a tangent to this curve. The grease is régarded as a viscoplastic mater- 
ial, © and 7, for which are determined by the direction of the tangent. The values of Re and P] are used to 
find A, and the pressure drop is then found. 


The calculation methods proposed by Weltmann [15] suffer from a number of serious faults and may lead 
to errors in determination of Ap. Having noted the existence of ascending and descending branches on the flow 
curves for greases, Weltmann does not indicate which branch should be used for calculations of the flow of greases 
in pipes. For greasesN = g(D), and therefore determination of Dp by equation (3), derived on the assumption 
that N = constant [16], cannot be accepted as correct. On the other hand, replacement of the flow curve (1) by 
a tangent is an arbitrary step. In view of the considerable slope of the flow curves for greases, especially in the 
region of small velocity gradients, arbitrary construction of the tangent may lead to errors in calculation. Finally, 
graphs for the relationship (2) were derived by Weltmann on theoretical grounds and do not correspond to experi- 
mental data on the flow of greases in pipes. These graphs are unsuitable, if only because they do not yield auni- 
versal relationship of type (2) for different greases, 


Thus, up to the present,no satisfactory methods have been proposed either for generalization of experi- 
mental data or for flow calculations of greases in pipes. 


In the present paper the methods of the similarity theory are used for generalization of the extensive nu- 
merical data of Vinogradov and Pavlov [4] on the flow of solidols in a capillary viscosimeter of the constant 
flow-rate type, and data of Vinogradov and Petrovskii [5] on the pumping of solidols through pipes in a constant- 
pressure unit. In these investigations the average velocity gradient was varied by seven orders of magnitude from 
0.03 to 35,400 sec’, the temperature was varied from —45 to +80°, the pipe lengths by a factor of 250, and their 
diameters by a factor of 36. This makes it possible to generalize virtually all possible cases of the flow of greases 
in pipes. 


Two different methods were used for generalization:of the experimental data: the method of variable ef- 
fective viscosity, and the method of constant rheological parameters independent of the flow velocity gradients. 
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‘ 4 
log Dp, secs! 


log Tps dynes Fig. 2. Curves for the dependence of 
ie local effective viscosity of solidol on 
Fig. 1. Dp = 9(Tp) flow curves for the velocity gradient in a rotational 
solidol in a rotational viscosimeter, viscosimeter. 


With the effective-viscosity method,the general relationship T = ¢ (D) may be written in the form 
T= Neff (D) D, where Neff (D) is the local effective viscosity, dependent on the flow velocity gradient. The 
equation for the flow of greases can then be written in the criterial form: 


Eu = f (Re’, I’), (4) 


where Eu = Ap/py? is the Euler criterion; Re* = vdp/n eff 1s the generalized Reynolds criterion; Meff is the char~ 
acteristic local effective viscosity; p is the density; I = d/l is a geometric ratio, Since 


h = 2Apd /olv? = 2EuT’, (5) 


the criterial relationship (4) may be written 
h = f (Re’). (6) 


Experimental data on the flow of greases in pipes should be generalized in the form of this relationship, All the 
quantities in expression (6) can be readily determined from experimental data. The effective viscosity in the 
layer adjacent to the pipe wall Weff R = TR/ Dp should be chosen as the characteristic effective viscosity. This 
choice is justified because Neff p is determined in similar layers, and then 


ee vde : 
Neff R (7) 


The values of Weff R Were determined by experiments on the flow of solidols in a rotational viscosimeter designed 
by Vinogradov and Pavlov; the stress in the gap of this instrument is close to uniform. The dependence of the 
local effective viscosity on the velocity gradient at the viscosimeter wall, determined from the ascending branches 
of the flow curves in Fig. 1, is presented in Fig. 2, The effective viscosity has the same value for layers adjacent 
to pipe walls and to the wall of the rotational viscosimeter. The velocity gradient at the pipe wall was deter- 
mined by the Weissenberg ~ Rabinowitsch formula [17]: 
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vPipe 4mm 
«Pipe 6mm 


ePipe 8,02mm rH 
oPipe 10mm 
- oPipe 18mm | 


| » Capillary 0.508 mm 


n : + Capillary 1.036 mm 
= ' oGapillary 3.4mm 
ia » Hose 8.04mm ‘ 


4680! 2 @ §80! 2? 4680 2 4 680' 2 4 680" 2 4 6 B10 
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Fig. 3. Dependence of the resistance coefficient X on the generalized Re® criterion. 


aF (tp) 


Dp = 6F (t,) + 2tg ——— ape 


were determined by graphical differentiation of the relationship 


ee 
where F (Tp) me a 


F (Tp) = f (Tp). 


Fe pacts dF ( (Tp) 
“dtp 


Figure 2 was used to find values of Neff R corresponding to Dp; equations (7) and (5) were used to calculate 
Re* and A, and the relationship (6) was plotted (see Fig. 3). 


For characterization of the flow of greases in terms of constant rheological parameters, Tyabin and Vino- 
gradov [18] proposed a method for approximation of the flow curves in the form of Shvedov — Bingham linear 
relationships. In this case the constant rheological parameters are the plastic viscosities and yield values; the 
similarity theory of a viscoplastic medium can therefore be used for generalization of the experimental data 
[19]. If the flow curve for a grease in a given range of velocity gradients is approximately represented by a 
single Shvedov ~ Bingham equation, the Buckingham flow-rate equation for the flow of a viscoplastic medium 
in a circular pipe can be easily transformed into 


Apia) iy OSORE Uber wey 
Mi SS oe = an alg (8) 
. vd 
where Re* = ah oto wa, 
“phy - Simpl) (9) 
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R is the pipe radius; 2R = d; rp is the radius of the con- 7, dynes 
tinuous solid plug in the pipe center; rm = 22e@/Ap. The ” em? 
resistance coefficient is a function of the generalized Fig. 5. Approximation to the flow 
Reynolds number only, and the criterial expression for curve of solidol in a rotational vis~ 
grease flow can be written in the form of equation(6). cosimeter, in the form of Shvedov — 


If several straight lines are used for approxima- Et es ae 


tion to the flow curve, the generalization of the ex- 

perimental data should be performed by means of the Tyabin and Vinogradov expression for the flow rate [18]. 
Approximation of flow curves for greases shows [18] that a single Shvedov — Bingham equation approximates to 
the flow curve roughly over the range of one tenth power variation of the velocity gradient. For technical cal- 
culations,approximation of the flow curve in the form of two Shvedov — Bingham equations is sufficient, as the 
magnitudes of the other approximating equations, which are several orders of magnitude less than the others, 
may be disregarded. 


For the case in which the flow curve is approximately represented by two straight lines, Tyabin and Vino- 
gradov [18] derived the following equation for the flow of a plastic disperse system in a circular pipe 


_ “AP (pa 4 TAP 74 na) 90 9s__ ng) __ "91/3 93 
q a 8ly2 (R Fg + 8lny (Ue 7) 3Ne2 (R ré) 3n1 (rs ¥E), (12) 
where 
279; 1 20; 1 O21 — 9in2 
— 5) inh == Sa i) SS SSS 
1 Ap 0 Ap ’ ol Ni — Ne 


To, is the boundary shear stress (Fig. 4); 61,1, 9 Nzare the yield stresses andplastic viscosities for the zones cor- 
responding to the approximate straight lines 1 and 2 (Figs. 4, 5); ry and rg are the radii of layer and plug (Fig. 4). 


Equation (12) can be easily transformed to the form (8), where 


oe es ee ae 
~ Mo[4+2/6(O2d/n2v)) ’ (13) 
4 
aon 1 + met : 
(14) 
eee eto S/o 
a ea 7 Va i Nes NPE Mie a: ToL 
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Therefore,experimental data may be generalized in the form of the expression (6), where A is determined 
from (8), and Re* from (9) and (18). 


In generalization of the experimental data by the second method, the flow curves for solidol were approxi- 
mated, on the basis of an experimental accuracy of the order of 5%. A graph in which the approximation to the 
flow curves was performed, such as Fig. 5, was used to find values of @ and Npl, and equations (9), (13), and (5) 
were used to calculate Re* and A; the relationship (6) was then plotted (Fig. 3), and this coincided with the 
similar graph obtained by the first method for generalization of the experimental data. 


Experimental data on the flow of solidols in pipes fitted fairly accurately on one generalized straight line 
(Fig. 3), the equation for which,in logarithmic coordinates,is 


Comparison of graphs for the resistance coefficient as a function of Reynolds number of viscous liquids and lubri- 
cants shows that for the latter the graph extends by 6-7 tenth powers into the region of small Reynolds numbers; 
this is due to the high values of the effective viscosities (Fig. 2). The experimental relationship (15) can form 
the basis of a method for calculating pressure drops in the flow of greases in pipes. 


If the flow of a plastic grease can be represented by two constant parameters @ and Np] over a given range 
of velocity gradients, the pressure drop is found from equation (8), which contains the unknown quantity c from 
equation (11). 


Since Ap/I =460/dc, the Buckingham equation can be written in the form 


c§—4c¢4+3 _ 2p] gust 
Pager os ee Oleg (16) 


Therefore,the radius of the flow core is a function of wIpi/ed and of d. McMillen [20] calculated and 
tabulated values of a for different c from equation (16). 


Values of a in Equation (16) 


a |4,25-10-5} 5.40-5 | 2-40-4 | 8,4-10-8] 1,8-40-913,3-40-9/5,1-10-9|1,1-10-2| 24- 10-2 
c | 0,995 | 0,99 | 0,98 | 0,96 0,94 | 0,92 | 0,90 | 0,85 | 0,80 
c |3,5-10-2]5,2-40-2| 7,4-40-2| 0,4 0,135 | 0,177! 0,23 | 0,30 | 0,38 
a | 0,75 0,70 | '0,65 0,60 0,55 | 0,55 | 6,45 | 0,40] 0,35 
a] 0,5 0,67 1. 0,08. [- aga 2,17 2,79 | 3,83 | 5,92 | 42,47 
é | 0,30 0:25 | 0,20 | 0:45 0,10 0,08 | 0,06 | 0,04 | 0,02 


If in a given Dp range a grease is characterized by four constant parameters 61, ny, @2, Nz, then grease 
ducts can be calculated with the aid of equation (8), where k is determined by equation (14), which contains 
the unknown quantity cy. Equation (12) can be reduced to the form 

4 92 
3mce}4— 45 o, + 3 v7 
TOI 
12¢, “7 Tid 


For technical calculations the term 3 mc can be neglected in the first approximation, and then we have 
3 


y= - (46) 
TOL Tod 
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If the values of c and cy in (10) and (14) are known, k and ky can be found, and the pressure drop can be 
calculated from equation (8). 


SUMMARY 


1. Two methods are proposed for generalization of experimental data and calculations of the flow of 
plastic greases in pipes in the form of a relationship between the resistance coefficient of the pipe and the gen- 
eralized Reynolds number. The variable effective viscosity method consists of determination of the generalized 
Reynolds number from the value of the local effective viscosity for a layer adjacent to the pipe wall. The meth- 
od of constant parameters consists of approximation to the flow curve by means of straight lines, corresponding 
to Shvedov ~ Bingham equations, and determination of the generalized Reynolds number from the parameters of 
viscoplastic flow. These methods were used to generalize experimental data on the flow of plastic greases in 
pipes for velocity gradients ranging from 0.03 to 35,400 sec™!, 250-fold variations of pipe length, and 36-fold 
variations of pipe diameter. 


2. An expression has been derived for the resistance coefficient of the pipe as a function of the generalized 
Reynolds number in the flow of plastic greases, and it is shown that for calculations of pressure drop it is possible 
to use the ordinary methods of hydraulics, based on application of the method of approximation to the flow curves 
of plastic greases in rotational viscosimeters. ) 


The authors offer their sincere thanks to V. P, Pavlov and V. G. Petrovskii for kindly supplying the experi- 
mental data used in this paper. 
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MECHANISM OF THE CONTRACTION OF COKE MATERIAL 


CAUSING ITS PACKING AND CRACKING 


1, CONTRACTION AND SHRINKAGE OF COKE MATERIAL 


Bee A SOnusaitis and V. Fe Kozlova 


The N. P. Chizhevskii Laboratory of Metallurgical Fuel, 
Institute of Combustible Minerals,Academy of Sciences, USSR 


The shrinkage of coke is the result of contraction of the pores in its gel structure and of closer packing of 
the molecules in the aggregate forming its network structure. We consider that contraction of the pore spaces 
in the gel structure occurs under the action of capillary forces caused by separation and subsequent volatiliza- 
tion (by the action of heat) of substances filling the cells of the gel framework. The mechanism of this process 
has not yet been studied in coke, but it seems likely that it is analogous to the action of capillary forces in the 
contraction of other gels, such as silica or alumina gels [1-5]. 


The degree of deformation of semicoke and the nature of the porosity of the finished coke may be in- 
fluenced by the action of capillary forces on the one hand, and by the compression resistance of the material 
on the other. As heating proceeds, the increase in the rigidity of the semicoke framework, which increases its 
compression resistance, is accompanied by an increase in the evaporation rate of the substances filling the pores. 
As the volatile substances are liberated, the capillary forces caused by them may exceed the cohesion of the 
particles in the material, and lead to the formation of cracks in the weaker regions. The less rigid the bonding 
between the coke particles, the more the coke can withstand contraction and deformation without cracking, and 
the more microporous will the finished coke be. 


The purpose of the experimental part of this investigation was to study the presumed action of capillary 
forces during contraction of semicoke. 


The samples used for the tests were semicoke briquets made in the plastometric test apparatus* , The 
heating of the apparatus was stopped when the coal charge at the bottom of the beaker reached 580-600°. Under 
these conditions the plastic layer stopped only 3-5 mm short of the top of the charge. The unsintered coal was 


scraped from the top of the briquet. 


The semicoke briquets were prepared from Kuznetsk coal, GPZh grade (Zyryanovka pit, volatile yield 
36.2%), K grade (Stalin pit, volatile yield 18.2%), and the production charge used in one of the coke-oven 
plants, The charge was composed of the following coal grades; PZh, 8%; Ky, 25%; PZh, 26%; G,SS—9o,K, 32%. 
The true* * and apparent [6]specific gravities were first determined for all the samples, and each sample was then 
divided into two parts. One part was used for calcination, while the other was ground down to 5-10 mm and 
then boiled in anthracene oil (360-380° fraction) for 4 hours in a current of nitrogen. The semicoke was then 
washed during 30-35 hours with benzene in a Soxhlet apparatus until the supernatant benzene was quite colorless. 


*GOST 1186-41. 
** By the method recommended by the Ufa Petroleum Scientific Research Institute. 
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TABLE 1 


Comparative Changes of Apparent and True Specific Gravities of Treated and Untreated 
Semicoke Samples 


Sp. gr. of samples treated with 


Sp. gr. of untreated samples anthracene ou 


Original 
coa f 
before before after ange. Of; 
calcination OF iaation change, “% calcination | calcination change, % 
Apparent specific gravity 
GP Zh 0,994 tit Res) 65994 4277 28,5 
1,024 4,249 22,0 4,024 | 1,446 AA? 
Char ge 4,009 4,195 18,4 4,009 OL et a7, 40,4 
True specific gravity 
GPZh 1,499 4,658 10,6 1,499 4,779 18,7 
4,503 1,688 1253 4,503 1,764 Ace 
Charge 1,498 4,660 10,8 4,498 1,752 ATO) 


The samples treated with anthracene oil and washed in benzene were calcined for 4 hours at 1000° in a 
current of purified nitrogen. During the calcination of these samples,anthracene~oil vapor was evolved in the 
200-450° range. Therefore,prolonged washing of the semicoke samples with hot benzene did not remove com- 
pletely the anthracene oil from the semicoke pores, After calcination of the samples,the apparent and true specif- 
{c gravities were determined again (Table 1). . 


Table 1 shows that treatment of semicoke with anthracene oil had a very sharp effect. After calcination, 
the apparent specific gravity of the treated samples increased nearly twice as much as that of the untreated sam- 
ples. The smaller change of apparent specific gravity for samples of GPZh coals as compared with K coals is 
due to the fact that semicoke from GPZh coals has larger pores than semicoke from K coals [7]. 


Anthracene oil, and with it other liquid substances formed by the thermal decomposition of coal, can be 
washed out much more easily from semicoke with larger pores than from semicoke with finer pores. It follows 
that the contraction effect under the influence of capillary forces must be much less in the first case than in the 
second. Moreover, as was shown by one of us in an earlier paper [7], the rigidity of the framework increases on 
heating more rapidly and at lower temperatures in semicoke from more recent coals than in semicoke from coals 
of higher stages of metamorphism. 


Comparison of the true specific gravities (Table 1) confirms the undoubted influence of anthracene oil on 
packing of the coke formed. This is also illustrated by the porosity data in Table 2, 


Changes in the different pore types are especially interesting; whereas in untreated coke,the micro- and 
intermediate pores comprised 28.3 and 30.6% of the total pore volume, in coke treated with anthracene oil,the 
fraction of these pores decreased to 2.2 and 8.0%, Therefore,the shrinkage was mainly the result of a decrease 
in the volume of micro~ and intermediate pores; this decrease was 91.5% for coke from GPZh coal, and 84.4% 
for coke from K coal. 


Some doubt on the validity of these experiments was cast by the suggestion that anthracene oil may partially 
decompose and form coke during calcination of the samples. To test this suggestion, special experiments were 
performed with high-temperature coke (first degree of readiness), in which the contraction and shrinkage proc- 
esses are completed, In samples of this coke, which has a rigid structure, pore contraction could not occur under 
the influence of capillary forces. Any decrease of porosity which might be detected could be attributed only to 
deposition of the pyrolysis products of anthracene oil on the pore walls. 


Samples of high-temperature coke were treated and calcined as described above. The treatment was per- 
formed with anthracene oil, and also with phenanthrene, which boils at a lower temperature and distills almost 
without decomposition. 


* As in the ori ginal Russian. 
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TABLE 2 


Comparative Changes of Total Porosity* and Volumes of Different Pores in Coke as the Result of Treatment with Anthracene Oil and Calcination 


Samples treated with oil and calcined 


change in% on un-_ 
treated coke 


volume of micro- 
and intermediate 


pores* * 
/g |% of total 
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* Total porosity was calculated from the expression [(d — 6)/d] 100, where d is the true,and 6 the apparent,specific gravity. 


** The volume of micro- and intermediate pores was calculated from data on sorption of water vapor, determined by M. V. Khvorostukhina. 


Specific-gravity determinations on the origi- 
nal (untreated) high-temperature coke calcined at 
1000° for 6 hours showed (Table 3) that its porosity 
remained unchanged; these determinations are 
therefore evidence of the rigid structure of high- 
temperature coke. After treatment of the calcined 
coke with anthracene oil and a second calcination, 
its apparent specific gravity increased by only 2%, 
and the true specific gravity by 3.7%, After treat- 
ment with phenanthrene the apparent specific 
gravity increased by 0.6%, and the true specific 
gravity by 1.9%, These values are in no way com- 
parable to the changes, reaching 40.4%, resulting 
from the treatment of the nonrigid semicoke ma- 
terial, Phenanthrene was evidently removed com- 
pletely from the coke pores. 


The total porosity, calculated from the specif- 
ic gravities of untreated and treated samples of 
production coke also changed very slightly after 
calcination at 1000°: . 


porosity, 7% 


Original coke 46.2 
The same, after additional calcination 46.4 
Coke after additional treatment with 
anthracene oil and calcination 43.0 
Coke after additional treatment with 
phenanthrene and calcination 44,5 


These values can be taken as being within the vari- 
ability limits of porosity determinations for samples 
from one batch of production coke, 


Thus, experiments on high-temperature coke 
with a rigid structure provide additional confirma- 
tion of our hypothesis of the colloidal effect in the 
contraction of the nonrigid structure of semicoke 
in the course of liberation of liquefied substances 
boiling at high temperatures from its pores. 


SUMMARY 


1. A hypothesis is put forward which accounts 
for the contraction of the forming coke substance 
(causing its shrinkage and cracking of the coke mass) 
mainly by the action of capillary forces which ap~ 
pear as the result of volatilization on heating of 
the substances filling the coke pores. 


2. Investigations confirmed the hypothesis 
of the contraction mechanism of the semicoke sub- 
stance and the role of the liquid phase in this proc- 
ess. The connection between contraction of semi- 
cokes and the colloidal structure of the original 
coal samples is demonstrated. 
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TABLE 3 


Relative Changes of Apparent and True Specific Gravities of High-Temperature Coke Samples* 


ak acinar RPh IN Rect DS AD de 8 OO. ast AO eg a I So 
Sp. gr. of coke after additional treatment 
and calcination 


Sp. gr. of original coke 


ON a a 
les with anthracene oil with phenanthrene 
P pinot adc after additional i | crane ae q Pee change veo 

i- 0 ’ 

Bonet calcl~icalcination sp. gr. eriginal pS | criginal 
Apparent specific gravity 

4 41,094 1,088 4,119 - 41,097 -— 

2 41,099 1,093 1,109 — 1,118 _ 

3 4,094 1,144 1,116 _ 1,104 _ 

4 — 1,087 4,124 — 1,123 — 

Mean 1,094 1,094 1,116 2,0 | 1,110 | 0,6 

True specific-gravity 
1 2,024 2,039 1,947 — 1,962 — 
2 2,049 2,042 1,972 - 2,034 — 


Mean 2,035 2,040 | 1,959 | 3,7 | 1,996 | 1,9 


* Specific gravities of high-temperature coke determined by A. V. Kulikovskaya. 


3, These results make it possible to exert an artificial influence on the granulometric composition of the 
coke during formation of the coke mass by utilization of capillary forces at the stage when the semicoke struc- 
ture is not rigid; denser cokes can also be obtained in this way. 
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SORPTION OF STRONTIUM AND CALCIUM IONS BY SOILS* 


Yu. A. Polyakov 


The V. V. Dokuchaev Soil Institute, 
Academy of Sciences USSR, Moscow 


Adsorption and exchange of strontium and calcium ions in soils have been studied in great detail in re- 
cent years, because of the well-known role they play in the migration of fission products. As a result of these 
investigations not only has an enormous amount of factual data been accumulated, but a number of important 
theoretical generalizations and discoveries have been made; these rank among the latest advances of science. 
Nevertheless,many problems concerning the nature and mechanism of such phenomena remain controversial 
and incompletely solved. A particularly complex problem is that of the sr®° cycle and the technique for deter- 
mination of the discrimination coefficient (DC) of Sr**. 


* If this ratio has a numerical value <1, this means that strontium is taken up to a smaller extent than cal- 
cium by the plant. In some papers [2] presented at the International Conference on Radioisotopes, the term 
“observed ratio” is used to denote the discrimination coefficient: O, R. for plant ~ external medium = 
sd Sr/Ca in plant ¥ 
~ §r/Ca in external medium, 


The present paper contains an examination of the principal criteria of exchange~adsorption equilibrium 
of Ca and Sr ions in soils, calculations of the most important thermodynamic characteristics, and an attempt to 
establish certain data in relation to determination of the discrimination coefficient for the soil ~ plant system. 
It may be noted that increases of the thermodynamic functions AH, AF, AS are always considered as positive 
changes (in an exothermic reaction AH <0). 


The mechanism of sorption and exchange of radioactive and stable isotopes of calcium and strontium in 
soils (and other materials) has been studied by numerous authors [12, 13], According to most of these authors, 
the sorption of radioisotopes by soils corresponds best to a mechanism characteristic of ion-exchange equilibria. 
Therefore our investigations were primarily guided by principles determining the nature of ion-exchange equi- 
libria. 


Materials and investigation methods. The experiments were performed with soils and clays from the Er- 
genei region. Samples of these soils were saturated with ammonium ions (by the Gedroits method), powdered, 
and passed through a sieve (d = 0.4 mm). Equal samples (2 g) were taken for all variants of the experiments. 
The samples were put in flasks and treated with a mixture of NH4Cl and SrCl, solutions in known volume pro- 
portions, The SrCl, (carrier) solution was tagged with the sr” radioactive isotope. The flasks were shaken me- 
chanically (for an hour); after 48 hours the liquids were centrifuged. The solid-liquid ratio was maintained con- 
stant in all variants of the experiments (2 g of soil to 50 ml of solution), The experiments were performed at 


constant ionic strength of the solutions (j * 0.1). 


* Presented at the 4th All-Union Conference on Colloid Chemistry, Tbilisi, May, 1958. 
** The discrimination coefficient of sr” is the term used by American authors [1] for the ratio 


Sr/Ca in plant 
Sr/Ca in the surroundings 
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Determination of Equilibrium Constants 
In the general form, the exchange reaction of Ca and Sr ions on soils (denoted by H) can be represented 


by the equation 


Ca ++ Sr=7 Sr + Ca, (a) 


where IICa and IISr represents soil saturated with calcium and strontium ions,respectively, and Ca and Sr are the 
concentrations of these ions in the liquid phase. 


Let us assume that Equation (1) is stoichiometrically correct and that the state of the system corresponds 
to the conditions in which the law of mass action is valid. Then the thermodynamic equilibrium constant K, for 
the reaction can be calculated from the following equation: 


Kee: Bsr) 4ca 
Ge BOAR ? 
(Ca) Ase i 


where asgy and aca are the activities of strontium and calcium ions in the equilibrium solution, and a(ca) and 
acgr) are the activities of these ions in the adsorbed state. 
Equation (2) is well known in the literature. Several modifications of this equation have been proposed for 


quantitative determination of K, in the systems considered in this paper. We used Nikol'skii's moditication [14]: 


__ (8r)-Ca : 
= Ga)-Sr? (3) 


where Sr, Ca, and (Sr), (Ca) are the exchange masses of strontium and calcium ions in the liquid and solid phases, 
expressed in milligram equivalents. 


Because of the chemical similarity of strontium and calcium and of the occurrence of side processes, deter- 
mination of the equilibrium constant K from Equation (1) involves great difficulties. Therefore K was found by 
‘calculation from the constant K' and K", corresponding to two intermediate equations: 


TINH, + 5-Ca2>-Ca + NE, (4) 


TINH, + 5-Sr=2 I> Sr-+ NH. fe 


The equilibrium constant of Equation (4) 


/ 
Ki us (Ca) *NHg j 
(NHy)-Ca” 


was determined earlier [15], and was found to be K’ = 5.8, 


The equilibrium constant K" of Equation (5) was found by two independent methods: by means of the sr°9 
radioactive isotope [15], and by the usual method (from analytical data for the NH, and Sr ion contents in the 
liquid and solid phases), 


* Derivation of this equation in the form used for calculation of K is given by us elsewhere [15]. 
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Fairly close values were obtained by the isotope method and by the usual procedure for the constant K". 
The most probable value, found as the result of repeated determinations, was 


kr AS aig nee ; 
| yar Wan she (6) 


(NH,4)-Sr 


Therefore,the constant we require is 


= KK” 2 
Kiss (Fe) a 12, 


Determination of the Thermodynamic Characteristics AH, AF, AS 


The thermodynamic characteristics of exchange reactions may be determined by various methods, In this 
investigation they were found by calculation from the numerical value of K and its dependence on the tempera- 
ture. 


The change of heat content (AHgg) in ion-exchange reactions can be calculated from the van't Hoff equa- 
tion | 


(7) 


Our experiments [16], and the results of other investigators [17], showed that exchange of ions of equal 
valence is almost independent of the temperature (at least in the 20-70° range). Therefore 


dink 


Comparison of Equations (7) and (8) readily shows that Hggg = 0, i.e., the exchange reaction of strontium 
and calcium ions in soils proceeds without any appreciable heat effect. Determination of the change of free 
energy (AF°y9g) is of the greatest interest, as its numerical value determines not only the direction of exchange 
adsorption of calcium and strontium ions under natural conditions, but also the thermodynamic stability of ad- 
sorption complexes of these elements with the soil. The change of free energy was determined from the equation 


AF° =—RT ln K. (9) 


The value of AF found by this method was AF°y9, =~ 67,2 cal. 


AS was found from the Gibbs - Helmholtz equation 


TdAF 
AF—AH ="** —TAS. his 


It was shown above that AH = 0; therefore 


and hence (after appropriate substitution) 
ASoo3° = 0,2 cal/g. 
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Thus,the entropy of formation of Isr has a very low value (almost zero). From this point of view the 
exchange of calcium and strontium ions in soils may be regarded as an isoenergetic process. However, the 
positive sign of AS°gg indicates that replacement of calcium by strontium ions in soils is accompanied by an 
entropy increase. Therefore the adsorption compound IISr is thermodynamically more stable than IICa, and 
under natural conditions the process will go spontaneously in the direction of ISr formation. 


In conclusion, let us attempt to clarify the role which may be played by the effects discussed above in 
processes of assimilation of strontium and calcium ions by plants. Whether we consider this process as physico~" 
chemical [18] or biological [19], exchange and sorption effects of Ca and Sr ions in soils undoubtedly play a 
very important part in it. However, there is no method whereby, by simple extraction of strontium and calcium 
from soil, a reliable idea could be obtained concerning the energy of assimilation of these ions by the plants 
themselves. Nevertheless, the thermodynamic characteristics of the exchange adsorption of Sr and Ca ions in 
soils (K, AF, AS) provide not merely a qualitative but also a quantitative evaluation of processes of transloca~ 
tion and uptake of these elements by plants; in particular, they show that,theoretically,the most probable value 
of DC =Sr/Ca in plany(Sr/Ca) in soil = <1 (if the energy of absorption of Sr and Ca by plants is the same). For 
the conditions under consideration, DC, found in accordance with the numerical value of the equilibrium con- 
stant,was found to be 0.9. A very similar value of DC was found by us experimentally. A similar order of mag~- 
nitude has been reported in the literature [2], However, the literature also contains contradictory data, accord~ 
ing to which DC>>1, 


This shows that the processes under consideration cannot as yet be explained satisfactorily because of their 
complexity. 
SUMMARY 


1, The radioactive isotope method was used to study the exchange adsorption of strontium and calcium 
ions on soils and clays. 


2. The basic criteria of equilibrium were determined and the principal thermodynamic functions (AHggg, 
AF 598, ASoo) calculated. 


3. The numerical values of H, F, and S show that the reaction is isoenergetic in character; they also indi-- 
_ cate that the adsorption compound IISr is thermodynamically more stable than IICa. 


4, The results were used for calculation of the most probable value of the discrimination coefficient of 


9° in the soil— plant system; it was found to be <1 in all cases, and varied from 0,8 to 0.9, 


sr 


In conclusion, I thank I, N. Antipov-Karataev for help and advice in the course of this investigation. 
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CAUSES OF FORMATION, AND CERTAIN PROPERTIES, 
OF AIR DISPERSIONS IN VISCOSE 


K. E. Perepelkin 


The All-Union Scientific Research Institute 
for Artificial Fibers, Mytishchi 


One of the main difficulties in the spinning of viscose fibers is the presence of air in the spinning viscose, 
in the form of bubbles of various sizes (dispersed air) and in the dissolved state [1]. A special operation, deaera~ 
tion, is needed to remove the air, and normal spinning depends on the effectiveness with which this operation is 
carried out [2-5]. 


For proper preparation of viscose for spinning,it is necessary to know the properties of the air — viscose 
system, which is a polydisperse dilute emulsion of the gas ~ liquid type. With the exception of a few investi- 
gations [6,7], systems of this type have been studied very little; nearly all the investigations deal with concen- 
trated gas ~ liquid ~foam systems. In real polydisperse systems,the disperse~phase particles grow, mainly as a 
result of coalescence or coagulation. However, apart from this, particle growth may occur by molecular trans- 
fer of the disperse-phase substance from the smaller'to the larger particles; this has been demonstrated almost 
exclusively for only two types of disperse systems — suspensions and aerosols [8-11]. In addition, there are papers 
by Solomin [12] and Kurlyankin [13], who studied changes of bubble size in softened quartz glass in the course 
of manufacture. 


Gas ~ liquid phase transitions play an important role in the viscose industry. However, there have been 
virtually no investigations in this field. It was therefore necessary to determine the principal properties of the 
air — viscose disperse system; in particular, the causes of its formation, its dispersity, and its variations with time. 


For determination of the dispersity of air — viscose gaseous emulsions,the microscopic method was used; 
this was chosen because it is the most convenient, simple, and rapid. The bubbles were counted and measured 
by means of a long-focus microscope (X10) fitted with a micrometer eyepiece. The total amount of dispersed 
air in viscose was determined by dilatometric or conductovolumetric methods [14~ 16]. 


For determinations of the dispersity of air bubbles in viscose, about 3 0sets of measurements were carried 
out on viscoses made by the "standard" method and in vacuum xanthator-mixers; the average results are plotted 
in Fig. 1. Curves for the volume distribution of air bubbles in viscose are shown in Fig, 2, In Figs. 1 and 2 re~ 
gions corresponding to 50 and 95% of the total number of bubbles are marked by dash lines. By volume, this 
corresponds to roughly 1.31.4 and 12-13% of the total volume of the air bubbles in viscose, In the viscose sam~ 
ples studied, taken after mixing, the total content of dispersed air determined by the dilatometric method is on 
the average 29,2 ml/liter (with variations from 27 to 33 ml/liter). It follows that half of the total number 
of bubbles consisting of the smaller bubbles occupies 0,33-0,46 ml per liter of viscose, and 95% of the bubbles 
occupies 3.3-4,3 ml per liter of viscose. The smallest bubbles to be found in freshly mixed viscose have a diam~- 


eter of 0.4°107% cm. 


Analyses showed that the air in viscose contains ~ 8% of carbon disulfide (from 4.9 to 10.2%) and virtually 
no oxygen, as it evidently reacts with the easily oxidized components in viscose. Thereforesthe gas in viscose 


can be described as “air” conventionally, only. 
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Fig. 1, Integral and differential size-distribution curves for air 

bubbles dispersed in viscose: 1,3) viscose from mixers; 2,4) vis~ 
cose from vacuum xanthator-mixers; dash lines indicate regions 
corresponding to 50 and 95% of the total number of bubbles. 
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Fig. 2. Curves for the distribution of air bubbles by 
volume: 1) differential curve; 2) integral curve; the 
dash lines are as in Fig. 1. 


Fig. 3. Change in the dispersity of air bub 
bles in viscose with time: 1) original vis- 
cose; 2) viscose after 3 hours; 3) viscose kept 
under pressure; 4) viscose after 6 hours. 


Air entering viscose during its manufacture may originate from the following sources: a) air present with- 
in the pores in the xanthate particles, and between the latter; b) air dissolved in the mixing caustic; c) air stir- 
red in by the mixers or other mechanisms. The fact that the size-distribution curves of air bubbles in viscose 
are independent of the technical conditions and the dissolving equipment suggests that the main source of air in 
viscose is air present in the xanthate or mixing caustic, and not air stirred into the viscose in the mixers. 


Experiments were performed on the stirring of air by means of mixers into viscose from which dispersed 
air had been removed; it was found that a disperse system with air bubbles < 0,05 mm cannot be obtained in this 
way, and that the content of bubbles of this size is very low. The size~distribution curve so obtained is quite 
different from Fig. 1, and is shifted far to the right. 


Experiments on xanthate dissolving under laboratory conditions showed that the distribution curve for the 
air bubbles in the viscose is similar to the curves in Fig. 1. Experiments on dissolving of xanthate in mixing 
caustic deaerated by boiling, and also on dissolving under vacuum in the initial stages, showed that the amount 
of dispersed air diminishes (see table); this is in full agreement with the foregoing hypothesis. 
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Effect of Dissolving Conditions on the Amount of Dispersed Air in Viscose 


Amount of air dispersed in viscose, ml/liter 
a a! 
caustic not deaerated caustic deaerated 


Residual 
pressure, mm 


It follows from the table that in order to de~ 
crease the amount of air in viscose the dissolving 
should be carried out under vacuum. 


a 
dr 
“a The isobaric~isothermal potential of the sys- 
tem air bubbles ~ viscose, per mole of gas phase, in- 
4 creases with decreasing bubble radius, since the specif- 
ic maximum work of surface formation increases. 
, It follows that in the real polydisperse system air — 
J viscose, air should pass from small to large bubbles, 
changing the distribution curve. 
0 ergs ; Sy ree item The driving force in the redistribution of bubble 
size is the difference of pressure due to surface ten- 


sion forces (6g ;,) in bubbles of different radius (r) 


Fig. 4. Change in the dispersity of air bubbles 
20GL 20G], 


in viscose before deaeration: 1) viscose after ; : 
A P= P,—P,= 


dissolving; 2) viscose before deaeration. ry lo 
4 te (1) 
ae cate a 


To simplify the picture somewhat, we may assume that the solution is in equilibrium with bubbles of radius r,. 
Then this solution is undersaturated with respect to bubbles of radius ry < ry, and supersaturated with respect to 
bubbles of radius r,>r,. Accordingly, we may write the following differential equations for diffusion in the dis- 


solution of small bubbles and growth of large bubbles: 


($2) = —28800( 2), : 
(4=),- — 2BS.oG,, (= nts =) ? (3) 


where S, and S, are the bubble surface areas; 8 is the diffusion coefficient of the gas through the gas ~ liquid 


interface, 
Assuming, as an approximation, that all the air from the dissolved small bubbles passes into the large bub- 


bles, we have 


Mae), + UC) 9: 2 
ee in ae (5) 
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After rearrangement, in view of the fact that 


Vis = 4a (6) 


‘dr’ 


where n is the number of bubbles, we have 


2S =r?.dn/dr 


"x = SSjr — “dr-dnjdr * (7) 


Since the distribution curve changes with time, Ty increases, the maximum on the distribution curve is 
shifted to the right and becomes lower, and the whole curve is shifted to the right. To confirm this, a sample 

of viscose, containing dispersed air for which the distribution curve was known, was placed in an ampoule which 
was rotated slowly to avoid sedimentation of the bubbles. After 3-6 hours the distribution curve was determined 


again. The distribution curves in Fig. 3 fully confirm the above conclusions. 


It was also of interest to see how the distribution curve changes if viscose containing dispersed air is sub~ 
jected to a pressure of several atmospheres. The smallest air bubbles should dissolve, and after reduction of the 
pressure (to atmospheric) the dissolved air should be liberated into the remaining bubbles only; the dispersity of 
the bubbles in the viscose should accordingly decrease. This hypothesis was confirmed when viscose (Curve 1, 
Fig. 3) was kept for 30 minutes under a pressure of 5 atmos and then under atmospheric pressure for 15 minutes 
(see Curve 4, Fig. 3). The laboratory results were confirmed by measurements of the air-bubble distribution in 
viscose fed into the storage tanks immediately after the dissolving, and viscose taken for deaeration (Fig. 4). 


Virtually no coalescence of air bubbles is observed in viscose; this is probably because viscose is strongly 
structurized. In none of the experiments concerned with air dispersed in viscose was coalescence of bubbles 
observed, even if the bubbles were in mutual contact for a long time. The high stability of viscose foam also 
confirms the high strength of the films between air bubbles in viscose. Special experiments in which viscose 
was forced through a filter material by means of a gear pump also demonstrated that there was no coalescence 
of bubbles, 

SUMMARY 


1, Most of the air bubbles in production viscose are (2-6) - 1078 cm in diameter. 


2. The main source of air in viscose is air present in the pores of the xanthate particles and dissolved in 
the caustic. The amount of air in viscose is reduced considerably if vacuum is used during dissolving. 


3. It was shown in the laboratory and under production conditions that the dispersity of the air bubbles in 
viscose changes in course of time not as the result of bubble coalescence, but as the result of molecular transfer 
processes. 
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ELECTROCHEMICAL STUDIES OF BENTONITE SUSPENSIONS 


3. POTENTIOMETRIC AND CONDUCTOMETRIC TITRATION OF ELECTRODIALY ZED 
ASKANGEL SUSPENSIONS BY ALKALI METAL HYDROXIDES 


PevA. UskaveandskE aitemuiskiova 


The T. G. Shevchenko University, Kiev; 
The Ukrainian Academy of Agricultural Sciences 


Despite the numerous published investigations of adsorption of cations by native aluminosilicates, there 
are no Clear ideas concerning the influence of such properties of the ions as size, hydration, and polarizability 
on adsorption [1]. Questions of fixation and location of cations in the aluminosilicate crystal lattice are still 
controversial, There is no agreed view concerning the cation-sorption capacity of clays. The view that the 
sorption capacity cannot be represented by a single quantity is becoming increasingly adopted [2]. 


These questions are especially interesting in relation to clay minerals of the montmorillonite type which 
are known to have the highest sorption capacity and also a number of specific properties due to an expansible 
crystal lattice [1]. 


Potentiometric and conductometric titrations performed over a period of time were chosen as the most 
suitable methods for the present investigation, Electrodialyzed askangel suspensions were titrated by the hydrox~ 
ides of lithium, sodium, potassium, rubidium, and cesium, The material and the determination technique are 
described in previous communications [3]. 


Potentiometric titration. The pH variations with the amounts of hydroxides added, for different times of 
action on electrodialyzed bentonite suspension, are plotted in Figs. 1 and 2. The curves obtained immediately 
after addition of the alkalies are similar to the curves for potentiometric titration of a weak acid by a strong 
base. All the curves except the LiOH curve have a single inflection point at pH 8-8.5. A second inflection at 
pH 10-10.4 appears 24 hours after the alkali addition, and in the case of LiOH after a few minutes, This inflec- 
tion becomes more pronounced with time. The curves shift with time in the direction of larger amounts of 
bases. The amounts of the bases corresponding to the inflections on the curves are given in Table 1. 


In the early stages of alkali action the nature of the cation has a considerable influence on the position of 
the first inflection point. The amounts of bases taken up vary as follows in the alkali-metal series: LiOHis 
taken up in the greatest amount; the amount of NaOH is less, and of KOH less still; the amounts increase again 
for rubidium and cesium hydroxide. In order of adsorbability, determined by the ability to occupy exchange 
sites on the clay particles, the first place is taken by lithium, followed by cesium and rubidium, then sodium, 
and finally potassium. 


In electrodialyzed bentonite the principal exchange cations are aluminum ions [3]. When a base is added 
to the suspension, displacement of the exchange aluminum by the base cations is accompanied by its binding in 
the form of insoluble hydroxide. At first this binding favors exchange. However, the great majority of the ex- 
change cations are contained between the silicate layers of the montmorillonite lattice [4]. These cations are 
available for exchange owing to the presence of intracrystalline water in the spaces between the layers [5]. Ac- 
cumulation of aluminum hydroxide between the layers causes steric hindrance to further penetration of the base 


cations to the exchange sites. 
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Fig. 1. pH variations of electrodialyzed askangel suspension under the action of: 

a) LiOH for 1) 5 minutes; 2) 1 day; 3) 8 days; 4) 14 days; b) NaOH for 1) 5 minutes; 
2) 1 day; 3) 8 days; 4) 15 days; c) KOH for 1) 5 minutes; 2) 2 days; 3) 10 days; 4) 16 
days. 
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Fig, 2, pH variations of electrodialyzed askangel suspen- 
sion under the action of: a) RbOH for 1) 1 minute; 2) 1 day;. 
3) 10 days; 4) 13 days; b) CsOH for 1) 5 minutes; 2) 1 day; 
3) 6 days; 4) 13 days, 


Under such conditions the penetrating power of cations should diminish with increase of their size. It 
follows from a comparison of the action of lithium, sodium, and potassium hydroxides that the ions are adsorbed 
in the nonhydrated state, Indeed, the strongly hydrated lithium ion, which is very large (Table 2),should pene- 
trate more slowly into the crystal lattice than ions of sodium and potassium, which are considerably smaller un~ 
der the same conditions. The reverse is the case in practice. 


The observed behavior of the cations is evidently associated with differences in the sizes of the nonhy- 
drated ions. The hypothesis that adsorbed ions occupy exchange sites in montmorillonite in the nonhydrated 
state is supported by the data of numerous workers [1] on swelling, heats of wetting, dehydration, etc.; these re- 
sults show poor agreement with the assumption that adsorbed cations are hydrated. 


Our conclusion is not inconsistent with the observations of Wiegner [6], who showed that more highly hy= 
drated ions have lower exchange energies. As has already been stated, when hydroxides interact with electrodi- 
alyzed bentonite,what happens is not mere replacement of exchange aluminum, but also simultaneous binding 
of the aluminum by the hydroxyl groups of the added base, with formation of aluminum hydroxide, which is in- 
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TABLE 1 


Sorption of Bases and Variations of Conductivity of Electrodialyzed Askangel Suspensions 


Time of First inflection Second inflection Relative con- 
oh ductivity in- 
Base action of amount of base amount of base aionganin 
base, days | PH |in meq/g PH jin meq/g ohmn2X 1078 
meqnt/g 
LiOH 0 8,4 750 10,4 4110 0,46 
al 8,45 850 10,4 4130 0,36 
8 8,3 900 10,4 1190 0,32 
14 8,2 920 9,85 4220 0,30 
NaOH 0 8,4 670 (10,4) (1080) 0,44 
4 8,4 740 10,4 1130 0,48 
8 8,15 820 10,25 4200 0,50 
14 tohge | 860 10,4 4250 0,48 
KOH 0 8,1 650 — a 0,30 
2 7,8 710 10,0 4030 0,32 
10 7,9 805 10,1 4120 0,32 
16 1;7 840 10,4 4170 0,34 
RbOH 0 8,0 715 — — 0,38 
4 8,05 740 10,25 1070 0,34 
9 7,9 830 10,2 1160 0,26 
13 7,8 880 9,65 1185 0,24 
CsOH 0 8,1 720 — — 0,40 
4 8,0 750 10,2 1100 0,34 
6 7,9 815 40,2 4170 0,28 
13 7,85 890 9,75 1200 0,20 
TABLE 2 


Influence of Cation Size and Polarizability on the Amounts of Bases Taken Up by 
Electrodialyzed Askangel Suspension During 24 Hours 


Ionic radius, A 
nonhydrated hydrated 


Polarization 
coefficient 
x 10 


Sorption, 
meq/g 


Cation 


Lithium 750 
Sodium 670 
Potassium 650 
Rubidium 710 
Cesium 720 


soluble in a weakly alkaline medium. Therefore, in our experiments on the action of bases on electrodialyzed 
askangel, the ability of the cations to penetrate and approach the exchange sites, their "penetrating power," is 


important,in addition to their replacing power. 


For a graphic illustration of the influence of the size of nonhydrated ions on their penetrating power, Fig. 
3 shows variations of the amounts of hydroxides taken up as functions of the nonhydrated ionic radius, for differ- 
ent times of action of these hydroxides. When the measurement times were different from those indicated in 
Fig. 3, the amounts of bases taken up were found by interpolation from “base uptake — time of base action" curves, 
plotted from the data in Table 1. 

Each curve in Fig. 3 has a minimum, indicating the influence of two opposing factors determining the 
base uptake, The descending branch of the curve is satisfactorily accounted for by increase in the radii of the 
nonhydrated ions and the consequent difficulties in penetration to the exchange sites. However, further increase 
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of the ion size from potassium to cesium is accompanied by 
increasing adsorption. The large size of these ions not only 
does not hinder their entry into the crystal lattice of the clay 
mineral, but even facilitates it. The better penetration of 
large ions may be due to their polarizability, which increases 
with ion size (Table 2). 


me 


500 


: It is clear from Table 2 that the polarizability of ce- 
sium and rubidium is tens of times as high as that of lithium, 
and several times greater than that of potassium. Bar and 
Tenderloo [7] showed that strongly polarized ions areretained 

2 more firmly by clay surfaces. It is likely that ionic polar- 

izability is especially prominent in the case of rubidium and 

cesium, so that their adsorbability is higher. 


800 


700 
Fig. 3 shows that the general nature of the variations 
of the amounts of cations adsorbed with their size remains 
the same over the whole time range studied. However, the 
minimum becomes less deep with increased action time of 
10 ep, the bases. It is possible that in a very long experiment the 
difference between the amounts of bases taken up would van- 
ish entirely. This means that the true sorption capacity would 
be the same for all the alkali metal hydroxides. The differ- 
ences of ion-exchange capacity found in the action of differ- 
ent bases on electrodialyzed bentonite under conditions in 
which equilibrium is not reached indicate that the ions ap- 
proach the exchange sites at different velocities, The times 
required to reach equilibrium must evidently differ for the 
different cations studied. 


Fig. 3. Variations of the amounts of al- 
kali metal hydroxides taken up by elec- 
trodialyzed askangel suspension with the 
nonhydrated ionic radius, for different 
times of hydroxide action: 1) 5 minutes; 
2) 1 day; 3) 8 days; 4) 14 days. 


Conductometric titration, The variations in the conductivity of the suspension with the amounts of added 
alkalies and the time of their action are similar to those found by us earlier for sodium hydroxide [3]. 


The absence of sharp breaks at the points where the first and third linear regions of the conductometric ti- 
tration curves meet the second region, the linear nature of which is not always well defined, hinders graphical 
determination of the maximum amounts of bound bases. However, we are concerned not with calculation of 
these amounts, which are easily found potentiometrically, but with variations of the degree of dissociation of the 
metal-substituted bentonites from one base to another, and also with time. These variations can be estimated 
from conductivity changes in the region of partial substitution of the bentonite by the cation of the added base, 
i.e., in the first linear portion of the conductometric titration curve, 


The conductivity changes are conveniently expressed per unit amount of base added to unit amount of 
bentonite. Table 1 contains the increases of conductivity produced by addition of a microequivalent of base to 
a gram of bentonite. 


The data in Table 1 show that the degree of dissociation of metal-substituted bentonites decreases with 
time. This decrease is considerable for lithium, cesium, and rubidium askangels, and very small for sodium and 
potassium askangels, 


According to modern views on the structure of montmorillonite, the adsorbed cations are situated mainly 
in the spaces between the layers, and partially (about 1/5) at the sites of disrupted bonds. Cations of the inter= 
layer space may enter through the hexagonal openings of the oxygen network in the tetra- 
hedron layer of montmorillonite [8]. Such cations are retained more firmly at the exchange sites than those pres - 
ent in the interlayer space. The observed decrease in the degree of dissociation of metal-substituted bentonites 
with time is evidently associated with entry of adsorbed ions into the spaces of the tetrahedron layer. Lithium 
ions, being small, and rubidium and cesium ions, being strongly polarized, penetrate more rapidly into these 
spaces than sodium and potassium ions, which are much larger than lithium ions and less polarized than rubidium 
and cesium ions, 
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The amounts of different bases taken up in a given time are different. For a comparison of the degrees 
of dissociation of different substituted bentonites, of equal degree of substitution by the base cations, calcula- 
tions were made for times corresponding to binding of 750 meq of base per g. 


The relative increases of conductivity of electrodialyzed askangel suspensions at limiting saturation with 
750 meq of base per g are: 


Lithium 0.48 ohm™!.1078-meq=! 
Sodium 0.43 © My 
Potassium 0.34 : " 
Rubidium 0.34 " A 
Cesium 0.32 > ” 


The relative conductivity increase is greatest for lithium hydroxide, somewhat less for sodium hydroxide, and 
considerably less for the other bases, 


It follows that lithium bentonite is the most strongly dissociated, and sodium bentonite is somewhat less. 
Potassium, rubidium, and cesium bentonites are dissociated to approximately the same extent, and considerably 
less than lithium or sodium bentonites. Thus, potassium, rubidium, and cesium ions are retained at the exchange 
sites more firmly than lithium or sodium ions, 


From the results of conductometric determinations it is possible to deduce how the cations penetrate to 
the active sites of the bentonite lattice and how they are retained there, Lithium ions penetrate easily to the 
exchange sites because of their small size, but can leave them easily also. In the case of sodium ions, the alu- 
minum hydroxide formed in the interlayer space is a more serious steric obstacle which lowers their penetrating 
power. However, sodium ions are still smaller than the spaces of the tetrahedron layer, and therefore they are 
still fairly mobile. Potassium penetrates with the most difficulty to the exchange sites because of the large size 
and not very high polarizability of the ions; the diameter of the potassium ion exactly corresponds to the size 
of the spaces in the octahedron layer and when it has entered them it is firmly retained in the adsorbed state. 
Rubidium and cesium ions penetrate easily to the exchange sites because of their high polarizability, but, in con- 
trast to lithium, they are firmly retained by polarization forces. 


Cation adsorbability is determined by numerous factors; the most important are the ionic charge, size, 
hydration, and polarizability. In the interaction of acid bentonite with bases the degree of dissociation of the 
latter should also have an effect. In our experiments all the bases used were strong, and their cations univalent. 
By virtue of this we can judge the influence of cation size and hydration in the adsorbed state on adsorption from 
the results of potentiometric and conductometric titrations performed over a period of time. 


SUMMARY 


1, Potentiometric and conductometric titration of electrodialyzed askangel suspensions by alkali metal 
hydroxides were performed over a period of time. 


2. Potentiometric curves determined immediately after additions of sodium, potassium, rubidium, and 


cesium hydroxides each have a single inflection at pH 8-8.5. In the case of lithium hydroxide the curve has a 
second inflection at pH 10.4. On the second day this inflection appears on all the curves. 


3. The first inflection point shifts with time toward larger amounts, which depend on the nature of the 
cation, of bases taken up. 

4, Relative changes in the conductivity of the suspension on addition of hydroxides were calculated from 
the slopes of the initial region of the conductometric titration curves. This slope decreases with time for lith~ 
ium, cesium, and rubidium bentonites. Its value gives an indication of the degree of dissociation of different 
substituted bentonites. This is highest for Li bentonite, somewhat less for Na bentonite, and much less for K, Rb, 


and Cs bentonites. 


5, Penetration of alkali metal cations to the exchange sites in the montmorillonite lattice is influenced 
by the dimensions of the ions in the nonhydrated state and by their polarizability. 
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6. It is possible that when equilibrium is reached in the system,the sorption capacity of bentonite, de-. 
termined potentiometrically, is the same for all cations. 
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STATES OF AGGREGATION OF HIGH POLYMERS 


3. SYNTHETIC POLYAMIDES 


R. I. Fel'dman 
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The previous communications [1,2] described the influence of temperature on the states of aggregation of 
polymer systems, determined by the dilatometric method in the course of heating and cooling. Special atten- 
tion was devoted to the behavior of anisotropic materials, It was also shown, with polyethylene and gutta per- 
cha as examples, that the behavior of crystallizing and noncrystallizing polymers is similar in many respects in 
investigations of this type [2]. 


The present paper contains data on crystallizing polymer systems, which contain, because of their affinity 
for water and hygroscopicity, variable amounts of a low-molecular component ~ water. The materials studied 
were certain types of polyamides, which may contain from 4 to 6% moisture under normal conditions. The ef- 
fects of temperature on specimen length (i from 10 to 20 cm) were studied by the method described earlier [1]; 
variations of weight with the temperature, caused by sorption and loss of moisture, were investigated by means 
of a spring microbalance, 


In order to determine the influence of specific surface on the variations of length and weight with tem- 
perature, samples of different shapes were tested: rods, films, and threads of polycaprolactam (capron), and 
threads of the polycondensation product of hexamethylenediamine with adipic acid (nylon). With specimens of 
large specific surface the total change of moisture content in the course of an experiment may be so consider- 
able as to influence the linear dimensions of the specimens; therefore,this influence must be taken into account 
as an independent factor. 


Polycaprolactam 


Linear dilatometry*. The tests were performed on rods of average thickness 3.5 mm,and 45 mm? in cross“ 
sectional area. The results of the tests, which comprised five heating ~ cooling cycles (total duration 14 days), 
are given in Fig. 1,1, The values found for the length in the first three cycles (18°-+100°-»18°) almost coincide 
with the length at 100° in Cycle 4. Transition of the system into another (more stable) state is favored by heat~ 
ing above 100°; this is shown by the direction of the cooling lines for Cycles 4(18°->155°-»18°) and 5(18°-+204°—> 
18°), shown by a dotted line. The length change from the start (A) to the end (B) of the tests was 1%. The co- 
efficient of linear expansion (cm/degree -cm) in the range from 18 to 197° changed from 1,2 1074 to 3.8-1074, 


Films were 1 mm’ in cross-sectional area and 0.1 mm thick. In view of the anisotropy of the films,result- 
ing from the manufacturing process, specimens were tested in the form of strips with their long sides parallel to 
the direction of orientation (Type 1), and strips cut at right angles to the principal orientation direction (Type II), 
Specimens of Type I contract when heated to a certain temperature, and lengthen on cooling. In illustration, 
Fig. 1,11 shows the effect of temperature on length, determined under load P = 3.5 g/ mm?, Specimens heated 
from 5 to 95° under these conditions contracted by ~ 3%, The hysteresis loop which commences at 50-60° de~_ 
creases on repeated heating. This relationship is somewhat more complex for Type IIspecimens. For P = 3.8 
g/ mm? the maximum contraction when the specimens are heated from 5 to 95° is ~ 5%, which is more than for 


* 1, Shtern took part in the experimental work. 
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Fig. 1. Effect of temperature on length: I) capron rods, P = 7.4 
g/mm’; II) capron films, P = 3.5 g/mm?, 
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Fig. 2. Effect of temperature on length of capron threads: 1) P= 19 g/mm’; 2) P= 
= 371 g/ mm?, 


Type I specimens. The = f(t*) curves for Type 2 specimens subjected to additional extension are quite analo~ 
gous to the Type I curves. Tests on specimens of Types I and Il after storage under room conditions for 64 years 
showed that the form of the dilatometric curves did not change significantly. These experiments show that the 
properties of the films are very stable in time. The form of the 2 = f(t*) heating and cooling curve and the con- 
traction (shrinkage) depends on such factors as the maximum heating temperature, the applied load in the tests, 
exact direction of cutting of the specimens (which involves considerable practical difficulties), and the degree 
of preliminary extension. For example: 1) Type Il specimens additionally stretched by ~ 250% and heated to 
100° shrink by ~ 15% in water; 2) Type I specimens stored for a long time and tested under a load of 5.4 g/ mm? 
show the following maximum contractions: in the first cycle (22°-»68°>22°) 0.62%, in the second cycle (22° 
—>128°-»19°) 0.5%, and in the third cycle (19°-+148°-»19°) 1.2%, and in the fourth cycle (19°-+186°-»18°) 
2.9%, At 182° contraction ceases and is replaced by elongation, Different results are obtained when P=3.5 g/ 
/mm?; 3) the course of I = f(t°) curves for Type I specimens, previously heated in vaseline oil to 180° and then 
rapidly immersed in oil at ~ 4°, did not change significantly, but the maximum contraction found in the corres- 
ponding heating and cooling cycles decreased approximately 2-fold even under the smaller load; this may be of 
practical significance. For example, in the 20°-»184°-»20° cycle,the contraction observed on heating to 181° 
reached 1.4% at P= 4.2 g/mm’. 


The effect of temperature on the length of commercial threads of cross~sectional area S=2,64+107* cm?, 
is shown in Fig. 2, The behavior of the specimens is similar up to ~ 90° despite the large difference between the 
loads (Curves 1 and 2), but it differs above this temperature. Thus, in the examples in Fig, 2, the contraction of 
the specimens when heated from 8° to break at 235° is 8% (Curve 1, small load) and from 9 to 60° it is ~3,5% 
(Curve 2), while from 130° to break at 216° there is ~9% elongation (large load), 


Weight changes of the specimens on heating and cooling. To determine the influence of hygroscopic water 
on the state of the specimens, their weights were determined during variations of temperature, The heating and 
cooling rate was the same as in the dilatometric determinations (1° in 3-5 minutes), The readings were also usu- 
ally taken at intervals of 1° [1]. The extent of the hysteresis and the absolute values of the weight changes depend 
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on the maximum heating temperature, heating rate, and the sequence 
of the temperature cycles. Certain relationships illustrating this are 


“4 presented in Fig. 3. The regions represented by the dash line corres- 
| wlll (asl pond to very slow temperature changes, Comparison of Figs. 1, 2,and 
3 shows that moisture has an obvious influence on the complex form 
salts of l=f(t°) curves for films and threads, 
eel Syyeon 
bp Linear dilatometry. Fig. 4 shows the effects of temperature on 
s Ob the length of factory-made nylon threads of S= 1.45- 107° cm?; the 
= relationship does not differ from that for capron threads (Fig. 2). The 
So-2 influence of the maximum heating temperature on the behavior of 
: the material is clear from Fig. 4 (curves 1 and 2). For the specimens 
i) as studied the value of a determined above 70° varies between 0.68 - 1074 
and 083-1074, The length of the specimens varied: by 2.5% from 
oe point A (13°) to point B (42°); by 1.75% from A’ (16°) to BY (80°); by 


1.3% from C* (15°) to D' (70°), and by 5.2% from A' to E’. 


The length changes shown in Figs. 1, 2, and 4 are in arbitrary 
units and the different curves cannot be compared with regard to ab~ 
solute values. The temperatures at which the monotonic course of 
the length ~ temperature variations breaks down may be correlated 
to some extent with the literature values of transition points deter- 
mined by other methods, 


40 60 «120 =O 
Fig. 3. Weight changes of cap- 
ron specimens on heating and 
cooling: 1) thread (24°->4°— 
—> 141°» 23°); 2) film (20°-+10°>» 
> 144° 26°); 3) film (16° 155°—> According to thermographic data, t¢ for capron varies from 206 
18°), to 233° if the heating rate is increased from 3-5 to 20-35 degrees/min- 
ute, while the glass~transition region extends from 120 to 150° if the 
temperature is changed at the rate of 3-5 degrees/minute [3]. The 
glass transition temperature of undrawn polycaprolactam, determined from heat capacity ~ temperature [4] and 
specific volume ~ temperature [5] variations is ~47°, and t¢ is 210-215° [6]. 


The following have been reported for nylon: “second~order transition temperature” at ~20 and 45° [7] and 
47° [8], from measurements of the dielectric properties [7] and thermal expansion [8]; a change in the course of 
the variation of the initial modulus with temperature, at ~ 120° [6]; change of structure at 161° [9]; and melting 
points at 250° [10], 264° [6, 8], and 265° [6, 11]. 


It should be noted that all the oriented specimens tested by us, if they did not undergo thermal degradation 
of flow under load in isothermal conditions at room temperature, tend to return to their initial length and mois- 
ture contents after the tests. 


DISCUSSION OF RESULTS 


It follows from the experimental data at our disposal, some of which are presented in this paper, that the 
effects observed in dilatometric temperature studies of polyamides greatly depend on the specific surface [surface 
area (cm?) /volume (cm>)] of the specimens, The length ~ temperature relationship determined for massive speci~ 
mens (rods) of low specific surface is mainly free from anomalous regions (Fig. 1). The specimens extend when 
heated and contract when cooled. The behavior of specimens of large specific surface, such as the films and 
threads used in our experiments, is considerably more complex (Fig. 1, Il). The probable cause of this discrep- 
ancy is that in the general case, the total result of the influence of temperature on the linear dimensions of the 
specimen, most pronounced in the behavior of thin threads and stretched films, is the aggregate effect of four 


different simpler phenomena: 


1. Normal thermal expansion, the result of changes in the intermolecular and interatomic distances, com- 
mon to all bodies; it is known that in anisotropic bodies, which include oriented films and threads, the coefficient 


of linear expansion may vary with direction. 
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Length change, arbitrary units 


Fig. 4. Effect of temperature on length of nylon threads, P = 178 g/mm’. 


2. Anomalous contraction, which may be observed in some instances with increase of temperature,not 
only in linear dimensions, but also in volume. The contraction is associated with transition from an unstable 
nonequilibrium state to a more stable state (tempering effect in quenched specimens). 


3. Contraction associated with changes in the degree of orientation in anisotropic materials. In most cases 
such contraction is observed on partial or total loss of orientation of previously stretched specimens when heated 
above a certain definite temperature. 


4, Incorporation of water molecules,as a rule,increases the dimensions of the specimens (perhaps unequally 
in different directions). Therefore,loss of moisture on increase of temperature is associated with contraction, and 
sorption of moisture on decrease of temperature, with elongation. If this is taken into account, the peculiarities 
in the behavior of the studied materials may be explained. In massive specimens sorption and loss of moisture, 
which occur during the experiment only in the outer layers of the material, have no effect on the dimensions of 
the rod as a whole, and its behavior presents a much simpler picture. Such specimens can be used for determina~ 
tion of the constants and transition points characteristic of the material in its normal state, such as the coeffi- 
cients of linear expansion, without complications caused by moisture variations. Without discussing the physical 
meaning of the transition points, we must note that they are close to those reported in the literature. Our results 
confirm that polyamides have transition points in three temperature regions: 30-60°, 100-150°, 200-236°, The 
usual interpretation of these points is oversimplified. In these temperature ranges the changes taking place in 
the states of aggregation are more complex than mere crystallization or melting of crystals, simple vitrification, 
etc. Displacement of the transition points under the influence of various factors, including the kinetics of the 
processes, indicates that all the transitions are relaxational in character; this includes the appearance and dis- 
appearance of the crystalline portion of a polymer. Investigations of the complex behavior of threads and films 
with all the above factors taken into account are of great interest from the practical standpoint. Such investiga~ 
tions may be static or kinetic; each form is of independent significance. Our investigations were kinetic; this 
was in part due to practical needs, It is known that in practice,materials are often used under variable conditions 
(temperature fluctuations under normal atmospheric conditions) and therefore it is important to know: a) the mag~ 
nitude and reversibility of contraction of the materials; b) the characteristic temperature points in the region in 
which the most pronounced changes associated with intensity of interaction with water, bonding strength, etc., 
are observed. In physicochemical analysis hydrates of definite and indefinite composition are investigated in 
this manner, under conditions of heating at a constant rate. The materials studied showed strong sorption of water 
in the temperature range from ~ 20 to ~ 40°, It is possible that a process which is to some extent autocatalytic 
occurs in this region: the first portions of the sorbed moisture loosen the polymer structure and facilitate pene- 
tration of further portions. 


SUMMARY 


1, The method of linear dilatometry in heating and cooling cycles was used to study and compare the 
behavior of polyamide specimens (polycaprolactam and the polycondensation product of hexamethylenediamine 
with adipic acid) differing in specific surface (rods, films, threads), It is shown that the behavior of specimens 
with a large specific surface is influenced by variations of moisture content, load, maximum heating temperature, 
and the sequence of the heating and cooling cycles, 
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2. The aggregate result of the influence of temperature on the linear dimensions of a specimen is com- 
posed of normal thermal expansion, anomalous linear contraction as the result of loss of previous orientation, a 


possible volume effect in the transition from a nonequilibrium unstable state to a more stable state, and changes 
of moisture content, 


3. The effects described, which apply in the main to nonequilibrium states, have a direct bearing on the 
behavior of materials in manufactured articles under the usual practical conditions. 


I offer my sincere thanks to Professor S. I. Sokolov for valuable advice in discussion of the results, and to 
Engineer I, Shtern for assistance in the experimental work. 
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LETTERS TO THE EDITOR 


THE INTERACTION OF TETRAMETHYLTHIURAM DISULFIDE 
AND TETRAMETHYLTHIURAM MONOSULFIDE WITH RUBBER 


B. A. Dogadkin and V. A. Shershnev 


The M. V. Lomonosov Institute of Fine Chemical Technology, Moscow 


It has been shown by a series of investigations that tetramethylthiuram disulfide (TMTD) adds on to rubber 
in the course of vulcanization; the extracted vulcanizate contains sulfur and nitrogen from TMTD [1]. We have 
shown that at the same time TMTD is reduced to dimethyldithiocarbamic acid, which is combined in the form 
of zinc dithiocarbamate in mixes containing zinc oxide or stearate, or decomposes to give carbon disulfide and 
dimethylamine in mixes without metal oxides or containing magnesium and calcium oxides or stearates. If the 
acid decomposes, reversion of vulcanization takes place and the vulcanizates are mechanically inferior to those 
obtained with zinc oxide. 


Some investigators consider that thiuram monosulfide is formed in the course of vulcanization with the 
disulfide [2]. It was of interest in this connection to study the interaction of tetramethylthiuram monosulfide 
(TMTM) with rubber, No vulcanization effect is observed when mixtures of natural or synthetic polyisoprene 
rubber are heated with TMTM (with or without zinc oxide) in a press at 143-175°, The products formed are com- 
pletely soluble in xylene and do not have an ultimate value of the elastic modulus; this indicates absence of 
cross links between the rubber molecules. Qualitative tests showed that when these mixtures are heated,tetra~ 
methylthiourea (which was not detected in vulcanizates with TMTD) and carbon disulfide are formed, and in ab~ 
sence of zinc oxidesdimethylamine is also formed. It follows that simultaneously with its reaction with rubber, 
TMTM undergoes thermal decomposition, which does not occur in the case of TMTD [3]. Zinc dithiocarbamate 
is formed when mixtures with TMTM are heated with zinc oxide [4]. The addition kinetics of TMTM sulfur in 
mixtures containing zinc oxide differs from the kinetics of sulfur addition in absence of zinc oxide (Fig. 1). In 
the latter case up to 10% (of the sulfur introduced in the form of TMTM) becomes bound, while in mixtures with 
zinc oxide the amount is up to 50%, and, in addition, somewhat over 50 molar % of zinc dithiocarbamate, cal- 
culated on the TMTM introduced, is formed. In mixtures with TMTD the amounts of bound sulfur are almost the 
saime in presence and in absence of zinc oxide. The maximum on the kinetic curves of sulfur addition, charac- 
teristic for mixtures with TMTD, is not found with TMTM. 


To elucidate the nature of the interaction between rubber and TMTD and TMTM, electron paramagnetic 
resonance spectra were investigated in the course of heating of mixtures with TMTD and TMTM*, Four mixtures 
were investigated; they contained, per 100 wt. parts of acetone~extracted natural rubber: 1) 3 wt. parts TMTD; 
2) 3 wt. parts TMTD and 5 wt. parts of zinc oxide; 3) 10 wt. parts TMTD; 4) 10 wt. parts TMTM, The mixtures 
were made in a micromill in an argon atmosphere and put into quartz ampoules which were heated directly in 
the resonator (in argon, vacuum, or air). All the mixtures gave essentially the same spectra on heating (140°), 
least pronounced for the mixture with TMTM (Fig. 2), This indicates that TMTD and TMTM probably have a 
common reaction mechanism in their interaction with rubber, whereas the kinetic relationships differ very con 
siderably. This is confirmed by the reactions of TMTD and TMTM with geraniol, which can be considered as a 
model of the structural units in natural rubber. When mixtures of TMTD or TMTM with geraniol are heated, or 
exposed to ultraviolet radiation in a quartz ampoule at room temperature, they acquire a similar red-orange 
color, the intensity of which increases more slowly in mixtures with TMTM. 


* The spectra were determined in Prof. S. E. Bresler's laboratory, the Institute of High Polymers,Acad, Sci. USSR, 
by E. M, Saminskii and E. N. Kazbekov. 
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Fig. 1. Kinetics of interaction of TMTM 
with rubber: 1) Spoynd/Sintr in %, mix- 
ture; 100 wt. parts NR, 3.5 wt. parts 
TMTM, and 1 wt. part phenyl~f -naph- 
thylamine; 2) Shound/ Sintr in %, mix~ 
ture: 100 wt, parts NR, 3.5 wt. parts 


TMTM, 5 wt. parts zinc oxide, and 1 wt. . “7e00 SSCS gat 
part phenyl-8 -naphthylamine; 3) zinc 

dithiocarbamate in molar % of TMTM Fig. 2. Electron paramagnetic reso~ 
introduced (same mixture); 4) sulfur in nance spectrum of a mixture con- 
zinc dithiocarbamate (1 mole of dithio~ taining 100 wt, parts NR and 3 wt. 
carbamate formed from 2 moles of TMTM, parts TMTD, heated for 10 minutes 
same mixture). at 140°, 


The above facts lead to the conclusion that TMTM, like TMTD [1, 3], reacts with rubber through a free~ 
radical stage; these compounds decompose at their CS and S~ § bonds [3, 4]. 
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PREPARATION AND CERTAIN PROPERTIES OF LYOPHOBIC 
COLLOIDAL DISPERSIONS OF FIBER“FORMING POLYMERS 


N. V. Mikhailov, V. I. Maiboroda, and 
S. S. Nikolaeva 


Scientific Research Institute of Artificial Fibers, Mytishchi 


Aqueous polymer dispersions are used in various branches of technology for production of films and coatings, 
Despite the great practical importance of colloidal polymer solutions, theoretical studies of their nature and prop~ 
erties are still in their early stages, The literature contains reports of studies of the processing and properties of 
synthetic and natural rubber latexes [1], and on the production of polytetrafluoroethylene fibers [2] and latex from 
vinyl polymers [3]. The literature does not contain any publications dealing with production and investigation of 
aqueous dispersions of the commonest industrial fiber-forming polymers, such as polyamides and polyesters, 
Studies of suspensions of fiber-forming polymers in relation to production of films and fibers from them are of 
great theoretical and practical importance, and constitute a new problem,jin the scientific sense. 


We have used the condensation method to prepare, for the first time, colloidal solutions of polyethylene 
terephthalate (4.5% concentration) and polycaprolactam (2% concentration). True solutions were obtained when 
the polymers were dissolved at high temperatures; this fact is worthy of independent study. Polycaprolactam and 
polyethylene terephthalate solutions were prepared as follows: 1-2 g of powdered polycaprolactam crumbs was 
dissolved in 50 ml of glycerol previously heated to 200°, The solution was poured in a thin stream, with vigorous 
stirring and cooling, into an equal volume of aqueous Carbazoline C (0.5%) previously cooled to 5°, 


3.5 g of powdered polyethylene terephthalate crumbs was dissolved in 40 ml of dimethylformamide at 190°, 
The solution was poured in a thin stream, with vigorous stirring, into an equal volume of OS~20 agent (2%) at 
room temperature, 


Certain physicochemical properties of the sols were investigated, The results are given in the table. 


Physicochemical Properties of Polycaprolactam and Polyethylene Terephthalate Solutions 


Specific vis- Relative vis- Sign of Particle ___ | Specific con~ 
; . Surface tension ; 
Polymers cosity in mixed |cosity of col | particle | charge fc demebi can ductance in 
cresols (0.5%) |loidal solution | charge in mv = ohm*!.cm™! 
Polycapro~ 
lactam* 1221075 
Polyethylene 
tereph~ 
thalate* * 7.02+ 1076 


* Coagulation at pH 6. 
** Isoelectric state reached at pH 3.8. 
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Electron micrographs of colloidal solutions (Xx 20,000) 
above) polycaprolactam; below) polyethylene terephthalate, 


Investigations of the polymer sols in polarized light showed that the polymer particles exhibit birefringence. 


Investigations by electron microscopy* showed that these particles are of globular form and may form chain 
aggregates (Figs. 1 and 2), The size of these globules reaches 500-1000 A. Electron diffraction patterns of the 
particles in the polymer sols indicate an amorphous structure. 


These studies will be continued by investigations of the properties and conversion of colloidal solutions of 
fiber-forming polymers, formed both by high-temperature polymerization and by low-temperature polymeriza- 
tion in a heterogeneous medium. 


oe 


“ This part of the work was performed jointly with junior scientific assistant V. P. Kovaleva. 
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SUMMARY 


For the first time colloid solutions have been obtained of polyethylene terephthalate of 4.5% concentration 
and of polycaprolactam of 2% concentration. A study has been made of a number of physicochemical properties 
of the solutions obtained, 
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THE STRUCTURAL AND STRUCTUROMECHANICAL PROPERTIES OF 
INORGANIC GLASSES* 


G. M. Bartenev and A. S. Eremeeva 


The State Scientific Research Institute of Glass, Mosocw 


The most important mechanical properties of real bodies depend significantly on the characteristics of 
structure, thermal motion, and interaction of their structural elements. These properties have been given the 
name of structuromechanical by Academician P. A. Rebinder. Studies of these properties can provide informa- 
tion on the structure of materials. Methods for interpretation of structural characteristics of real bodies by 
studies of their structuromechanical properties belong to a new branch of knowledge, physicochemical mechanics 
[1, 2]. Diffraction methods, which are direct methods for structural investigations of certain classes of sub- 
stances, such as crystalline materials, are ineffective for studies of the structure of a number of important mate - 
rials such as disperse polymeric bodies, and organic and inorganic glasses. Structuromechanical methods are 
of great significance in this connection. 


The structure of inorganic, and in particular of silicate glasses, is still the subject of lively discussion [3]. 
This is primarily due to the complexity of the structure of these materials. A characteristic of inorganic glasses, 
in contrast to organic glasses, is their multicomponent nature, which leads to the existence of different types of 
bonds, chief among which are silicon—oxygen bonds and ionic bonds of different valences; it also leads to micro- 
heterogeneity and probably to processes of structure formation in melts; the consequence of all this is the forma - 
tion of a very complex structure. 


The existing hypotheses relating to the structure of silicate glasses reflect different aspects of this complex 
question: short-range order, microphase separation leading to microheterogeneity, structurization, and the chain 
structure of glass. These structural characteristics appear to different extents in different glasses, 


Data on low-temperature heat capacity [4, 5], dielectric loss [6], mechanical properties [7], and our re- 
sults [8, 9] reveal the existence of a far-reaching analogy between the structures of polymers and of silicate 
glasses. The mechanical behavior of glass above the softening temperature indicates the existence of high 
elasticity. The high-elastic properties of inorganic glasses above the vitrification temperature indicate that 
inorganic glasses are network polymers with flexible chains [8]. 


The results of our investigations showed that the spatial network has relatively low strength and is easily 
broken down under low loads, but is partially restored after removal of the load (the glass exhibits thixotropic 
properties). The main cause of hardening during cooling of a viscous glass is the vitrification process, but the 
structurization (aggregation) process and the thermal history of the glass play a significant role in the formation 
of the glass structure; this leads to variations in the mechanical behavior of different samples of the same glass. 


These properties make inorganic glasses similar to organic polymer glasses on the one hand, and to 
thixotropic colloidal systems on the other. 


Structuromechanical properties of an inorganic glass above its vitrification temperature. The principal 


experiments were on the torsion of glass rods at different temperatures and under different experimental condi- 
* Presented at the Fourth All-Union Conference on Colloid Chemistry, Tbilisi, 1958. 
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TABLE 1 


Structuromechanical Characteristics of Glasses 


Temperature, ey Elasticity High -elastic 


Width of 


Glass type platesi, °C (shear) saa te (shear) vee 
vitrification, T Ge, kg/mm” |Gpe, kg/mm 
White Marblit 2.0 
F-1, optical 0.50 
Black Marblit 4,0 
38S -5K a 
VV, vertical drawing 2.10 
Continuous -rolled 1.10 
K-8, optical 1.80 
F-116, phosphate _- 
13-v 7.20 
Ts-18 _ 


TABLE 2 


Chemical Composition of Glasses 


Oxides, % Other oxides, 


Na,O | K.0 Jo 


Glass type 


SiO, Al20; 


B,0; | CaO | MgO 


White Marblit 65,4 | 3,5 6,8 | 0,4 |42,144] — |Fe.03| 0,47 
| NaF | 6,95 

AIF; | 4,65 

as = a = — 6,4 hk 

F-1, optical 47,38 44 p20 eG 
Black Marblit 65,0 ae —- 1 40,3) | —. |414,0.) — YMiiy@s| 40,7 

3S -5K 66,84 | 3,64 | 20,24 | 0,43] 0,15 | 4,16] 4,03 | Fe.Os| 0,13. 
VV, vertical drawing 1,85) — — | 7,83] 3,69 {14,93} — | SOs | 0,46 
Continuous -rolled 75,06 | 0,24 — 8,99| 0,44 15,4 Fe2Os| 0,07 
SOs 0,6 

K -8, optical 68,42 7 144,22) ps 9 )40,96):6, 77) BaO.- 2.86 
As2O3 0,36 

F-116, phosphate 6,56 |18,64 | 1,60] 2,44) 1,08} — P20, | 69,82 

13-v 63,76 (14,98 | — |42,75] 3,9 3,02 Fe203| 0,16 
F 3,44 

- 59,36 | 1,44] — | 4,53} — |48,3 | 3,54 | Fe.Os| 0,15: 
ssc ' ZrO | 17,96 


tions. The specimens (diameter 8 mm, working length 30 mm) were subjected to different loads applied through 
a 38 mm arm. The determinations were carried out with our modification of the apparatus designed by E. K. 
Keler and E. I. Kozlovskaya (Institute of Silicate Chemistry, Academy of Sciences USSR). The graphs give the 
torsion angles ¢ in scale units, where the torsion angle in radians is a = 1.93-1074 9. 


When the specimens were heated under small bending or twisting loads, the glasses listed in Table 1 gave 
characteristic deformation curves (Fig. 1) similar to the deformation —temperature curves for organic polymers [10]. 
In accordance with the usual practice for polymers, we recorded two temperatures: the glass transition tem- 
perature Ty and the flow temperature Ty (Fig. 1). These data for different glasses are presented in Table 1, and 
the chemical composition of the glasses is given in Table 2. 
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a i AT) BIT with time for VV glass at the follow- 
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Fig. 1. Variation of the torsion angle of a 3) 630°; 4) 610°; 5) 600°; 6) 585°; 
glass rod with temperature at constant load 7) 575°; 8) 565°. 


and a heating rate of 3° per minute, for 1) 
rolled glass, 2) vertically drawn glass. 
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Fig. 3. Variations of torsion angle Fig. 4. Relationship between torsion angle and 
with load for VV glass at the follow- time at 630° under constant load (shear stress 
SERRA 1) 705°; 2) 625°; 3) T max = 0-3 kg/cm?) for two specimens of rolled 
650°. glass: Curves OA and OB represent deformation 


under load; load removed at points A and B. 


Above the vitrification temperature deformation begins to develop, and it reaches its maximum value 
over a certain temperature range, represented by the plateau on the curve. This deformation, which we term 
high-elastic by analogy with polymers, is thousands of times greater than the eleastic deformation measured at 
low temperatures, Above the flow temperature T,, the material flows. It is clear from Table 1 that the high- 
elasticity range for inorganic glasses is of the order of 100°. 


The course of development of high-elastic deformation in certain glasses greatly resembles that in poly- 
mers [11]. 

Fig. 2 shows kinetic deformation curves at different temperatures for VV glass. All the curves, at a 
given torque, tend to the same limit with increase of the observation time, at higher rates as the temperature 
increases. At temperatures corresponding to the plateau (Fig. 1) equilibrium deformation is reached very rapid- 
ly and then remains virtually unchanged. 

Fig. 3 shows, for three temperatures in the high-elasticity region, the relationship between torsional de- 
formation of glass rods and the torsional load applied through the length of arm indicated above (a new specimen 
was used for each experiment). The deformation curves do not conform to any simple law and vary from speci- 
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Fig. 8. Variation of torsion angle with 
load at 650° for VV glass: 1) first deforma- 
tion curve; 2) second deformation curve 
after removal of load and four hours of 
rest. 


Fig. 7. Variation of torsion angle with 
load at 650° for VV glass; 1) first deforma- 
tion curve, 2) second deformation curve 
after removal of load and one hour of rest. 
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Fig. 9. Variation of torsion angle with Fig. 10. I) Spontaneous torsion of 3S-5K 
temperature for VV glass during loading glass rods in the softening region: 1,5) 
and unloading: 1) specimen heated under badly annealed specimens; 2,3,4) well- 
load; 2) specimen cooled slowly under annealed specimens; II) the same speci- 
load; 3) specimen heated without load, mens heated again after being slowly 


.cooled down from 660°, 
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men to specimen; they each separate into two regions. Below a load which we shall term the yield value, de- 


formation is completely or partially reversible (Fig. 4); above it the deformation increases sharply and does not 
disappear after removal of the load. 


The relationship between the yield value and the temperature conforms to a quite definite law (Fig. 5). 
In the elasticity region the yield value reaches a minimum value (0.2-0.3 kg/cm’) and the remains almost un- 
changed up to the flow temperature, According to our data, the yield value, which is associated with the strength 
of the spatial network, is very low in the high-elasticity region (of the order of 0.2-0.3 kg/cm’). Thus, low 
strength of the spatial network is a characteristic of inorganic glasses. Therefore, above the vitrification tem- 
perature, at loads above the yield value, these materials exhibit the behavior of viscous bodies. 


A characteristic feature of all glasses is that the deformation curves for different specimens of the same 
glass at the same temperature do not coincide. 


Test results for two specimens of rolled glass at the same temperature are plotted in Fig. 6. These results 
indicate that the structure of the glass is very heterogeneous. This heterogeneity is due not only to chemical 
heterogeneity, but also to differences in the thermal history of different regions of the glass during its formation. 


Thixotropic properties of glasses. The spatial network is readily broken down at high temperatures even 
under small loads, and is partially restored after removal of the load. This is confirmed by the results presented 
below. 


Test results for specimens of VV glass are presented in Fig. 7. A load was gradually applied to the speci- 
men at constant temperature (Curve 1); the load was then removed at a large residual deformation, and the 
specimen was kept for one hour at the same temperature. The second deformation curve (Curve 2) was very 
different, Increase of the rest time after removal of the load (Fig. 8) leads to gradual restoration of the initial 
properties; this shows that the original structure is restored. 


These results apparently indicate that inorganic glasses, like colloidal systems, have thixotropic proper - 
ties. 


Analogous investigations of this effect were carried out on ebonite. Similar relationships were obtained, 
but the thixotropic properties of ebonite are weak. 


Frozen high-elastic deformations. Experiments show that inorganic glasses exhibit two kinds of mechani - 
cally reversible deformations (elastic and high-elastic), and, correspondingly, two kinds of stresses. The existence 
of high-elastic stresses is confirmed by freezing of high-elastic deformations. 


A specimen (Fig. 9) was heated and slowly cooled under load to 20°. After removal of the load the high- 
elastic deformation remained, while the elastic deformation, which was a smail fraction of the total, disappear - 
ed. After the specimen had been heated, the high-elastic deformation was lost and the specimen returned to its 
initial form. Fig. 9 illustrates a typical case. In reality, the situation is more complex, as the deformation is 
fully reversible in only some of the specimens, and is partial in most. 


The presence of high-elastic deformations in glass accounts for a number of effects, hitherto unexplained, 
such as the appearance of residual birefringence [12] in glass slowly cooled under load, where quenching stresses 
are absent. The explanation is the cooling freezes the high-elastic deformation and therefore, molecular 


orientation, which is revealed by birefringence. 


It has been shown [9] that above the vitrification temperature, a glass specimen undergoes spontaneous 
torsion in absence of external load. 

Fig. 10 shows the results of control tests on glass specimens without load, carried out in a carefully 
balanced apparatus. The specimens were heated at the rate of 3° per minute. Starting at temperatures of 570- 


580°, the specimens exhibited spontaneous torsion both in the positive and in the negative direction. Specimens 
2, 3, and 4 were thoroughly annealed before the tests, while Specimens 1 and 5 had been badly annealed. Thus, 


the better the annealing, the less is this effect. 


The effect can be caused only by frozen high-elastic stresses which relax at temperatures above Ty. 
This was confirmed by the following experiments. 


239 


Specimens free from load were slowly cooled down from 650°, when the relaxation of high-elastic stresses 
was complete, and tested again (Fig. 10). As was to be expected, there was no spontaneous torsion owing to the 
absence of frozen high-elastic stresses. These results show that there are two types of stress in glass: residual 
elastic (of the toughening type), and residual high-elastic, which are network stresses. The latter evidently 

_arise readily during formation of the glass. 


In the course of formation and working of glass, elastic and high-elastic stresses (chain stresses) arise be- 
tween individual regions as the result of the nonuniform temperature field. When the glass is cut (for preparation 
of the specimens) the elastic stresses are removed almost entirely while the high-elastic stresses remain. 


It follows from the large difference between the elastic and high-elastic moduli for inorganic glasses that 
in massive glasses, the high-elastic stresses are small in comparison with quenching stresses*. In the case of 
annealed glasses, where the residual elastic stresses (stresses of the first kind) are not large, high-elastic defor- 
mation must be taken into consideration. When the specimens are cut,the birefringence does not saa ae as 
is the case with stresses of the first kind, such as those caused by quenching. 


The structuromechanical properties of glass fibers. Our experimental data on massive glasses and glass 


fibers confirm the hypothesis of the chain structure of glass, advanced by Tarasov [4, 5]. This hypothesis pro- 
vides a natural explanation for new experimental facts discovered during recent years. Since one of us has al- 
ready developed and substantiated this theory of the structure of inorganic glasses (8], here we confine our- 
selves to a reference to certain new facts which confirm the chain structure of glass, 


The number of facts in support of this hypothesis is increasing. Here we consider data on the mechanical 
properties of glass fibers and thin glass rods. It follows from the results of Bartenev and Bovkunenko [13] that 
strengthening of glass fibers is attributable to molecular orientation which arises under load during the drawing 
process; this is directly related to the chain structure of glass. Stirling [14] carried out the following experiments 
with rods made from glasses of different compositions. Glass rods heated above the softening temperature were 
drawn out under different loads and cooled. The thin rods, 1 mm in diameter, obtained in this manner were sub- 
jected to prolonged annealing; during the heat treatment their length decreased and their diameter increased. 
These facts have a natural explanation on the basis of chain structure. Chain orientation takes place during the 
drawing, and high-elastic stresses are frozen on cooling. Heat treatment results in relaxation of these stresses and 
is accompanied by molecular disorientation which leads to contraction of length and increase in diameter. 


It is known [15, 16] that high-temperature heat treatment of glass fibers also leads to contraction and also 
to almost total loss of the strengthening effect. The finer a glass fiber (the higher the stretch), the greater is the 
strength loss during heat treatment. 


Zak and Man’ko [15] heated glass fibers under load to the softening temperature and found that above 
300-500° the deformation increases sharply (3 to 7-fold, according to the composition of the glass). Viscous 
flow is still slight in this temperature range. 


The authors do not offer an explanation of this effect, which is probably due to the high-elastic properties 
of glass fibers. The difference between their results and ours probably lies in the fact that the plateau (Fig. 1) is 
not observed during extension because of the use of loads above the yield value, and of rupture of the glass fibers. 


SUMMARY 


1. At high temperatures and small loads inorganic glasses (massive specimens and glass fibers) exhibit 
high elasticity. Evidence of the high elasticity and molecular orientation is provided by strengthening of glass 
fibers and their behavior under heat treatment. 


The elasticity modulus of inorganic glasses exceeds the high-elasticity modulus by three orders of magni- 
tude. 


2. The thixotropic properties of glass, and variations of structure from specimen to specimen, indicate that 


structurization processes and thermal history influence the formation of glass structure. 


*Glass fibers constitute an exception, their formation causes considerable molecular orientation in consequence 
of the high rates of viscous deformation during drawing, and of the high stresses, which reach values of the order 
of 10 kg/mm’, 
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3. The properties (high elasticity and thixotropy) found in glass show that inorganic glasses resemble or- 
ganic polymer glasses on the one hand, and thixotropic colloidal systems on the other. 


4. The yield value, associated with the strength of the spatial network, is very low for inorganic glasses. 
Therefore, above the vitrification temperature such materials behave as viscous bodies under moderate loads, 
and as elastic bodies under small loads. 


In conclusion, it is the authors’ pleasant duty to offer their deep gratitude to Academician P. A. Rebinder. 
for his great interest and valuable advice. 
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STUDY OF THE HYDRATION PROPERTIES AND STRUCTURE OF PEAT 
BY MEANS OF RADIOACTIVE ISOTOPES 


2. CHANGES OF HYDRATION PROPERTIES AND STRUCTURE OF DISPERSION AND 
COMPRESSION OF PEAT * 


M. P. Volarovich, N. I. Gamayunov, Z. A. Starikova and 
N. V. Churaev 


Chair of Physics, the Moscow Peat Institute 


Processes involving dispersion and compression of peat are widely used in peat technology; they form the 
basis of such technological processes as mechanical working and molding of raw peat; deformation of peat de- 
posits during drying and under loads; shrinkage of peat during drying, and artificialdehyration of peat. Despite 
the great importance of these processes, which ultimately determine the quality of the final product, variations 
of the hydration properties and structure of peat during dispersion and compression have been insufficiently 
studied. This applies primarily to the hydration properties of peat, in relation to variations of which experi- 
mental data are almost entirely lacking. 


Kurnakov and Pospelova [1] studied the bound-water content of peat by tensimetric methods and found 
that the amount of bound-water in peat decreases as the result of grinding. Later, Korchunov [2] concluded 
that mechanical treatment of crude peat has no significant influence on the equilibrium moisture content. Thus, 
the available data are not only inadequate but also contradictory. 


The hydration properties and structure of peat of different degrees of processing* * were studied by means 
of radioactive tracer methods [3]. The contents of immobile water were determined in samples of the original 
and dispersed peat by filtration of a tagged solution, and the amounts of bound and immobilized water were 
found by the non-solvent volume method with the aid of the same radioactive tracer Na SQ, tagged with the 
$35 isotope. As is known, these methods can be used to determine the maximum quantity of bound-water in 
peat, including the weakly-bound intracellular water which fills the cells cavities of the plant residues which 
are contained in considerable amounts (up to 50-90%) in peat. 


Variations of the content of bound (immobilized) water Wy, with the degree of processing of peat are 
plotted in Fig. 1; it is seen that the amount of bound water decreases appreciably as the result of repeated dis- 
persion. Since processing of peat causes intensive destruction of coarsely dispersed vegetable residues [4], the 
decrease in the content of immobilized water can be attributed to conversion of part of the intracellular water 
into the free form. The possibility of such conversion was suggested earlier by Berezin and Belovidov [5], and it 
has now been confirmed by direct experiments. In all probability, two simultaneous processes occur during the 
dispersion of peat: increase of the amount of adsorbed water as a result of increase of the specific surface, and 
decrease of the amount of intracellular water during destruction of the cell cavities in the plant residues of 
peat. The results of the experiments reveal the total effect, which in the processing of coarse peats (rich in un- 
decomposed residues) consists of a decrease of the total amount of immobilized and bound water in the peat. 


* Presented at the Fourth All-Union Conference on Colloid Chemistry, Tbilisi, 1958. 
**The mechanical processing of peat was carried out, as usual, under laboratory conditions in a meat grinder. 
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TABLE 1 


Variations of Structural Characteristics of Fuscum Peat of Degree of Decomposition R = 15% During Dispersion 


Hydraulic pore 
radius 5,4 


Kinetic specific sur- 
face So, m*/g 


Contents of immo- 
bile water W;, % 


Peat samples Active porosity, m 


Original peat 


Processed once 0.086 


Processed five times 0.068 


TABLE 2 


Variations of the Hydration Properties and Structure of Medium Peat of R = 25% as the Result of Compression 


Applied pressure | Contents of immo- | Active porosity, | Kinetic specific | Hydraulic pore | Filtration coeffi- 
bile water Wj, % surface Sy, m?/g radius 6, cient K, cm/hour 


The observed conversion of intracellular into free water during dispersion is a specific characteristic of 
peat regarded as a disperse system; in particular, it accounts for the decrease of the rheological constants of peat 
during dispersion [6] as the result of liberation of additional *internal lubricant" by destruction of the plant cells. 
In contrast to peat, in such materials as clays increase of dispersity generallyincreases the yield value and plastic 
viscosity [7]. 


Changes taking place in the structure of peat during mechanical processing, which have received consider- 
ably more attention, have been studied in terms of the rheological parameters [6] and plasticity and dispersity 
characteristics [6, 8, 9], and by methods involving qualitative descriptions of the micro and macro structure of 
peat [5, 10]. The results of experiments on filtration of tagged water were used to characterize the structure of 
peat by values of the active porosity, kinetic specific surface, and hydraulic pore radius [3]. It follows from the 
data in Table 1 that dispersion of raw peat produces considerable changes in its structure. 


The kinetic specific surface of peat increases sharply as the result of processing, and this increases the role 
of surface phenomena, which determine the whole subsequent course of the technological process. The pore 
size decreases to the same extent. The average dimensions of water-conducting canals through which water is 
removed during the subsequent drying decrease to tenths of one micron. It should be noted that a considerable 
change of pore size and kinetic specific surface of processed peat, as compared with the original material, may 
influence not only the drying rate but also the mechanism by which moisture migrates in peat [11]. 


The decrease in the size of the water-conducting pores is accompanied by an increase in the volume occu- 
pied by them in the peat. It is easy to see that this occurs because of breakdown of the cell cavities of the plant 
residues. Regions previously occupied by immobile intracellular water become available for filtration of water 
after breakdown of the cells and this results, as Table 1 shows, in an increase of the active porosity of the peat. 
Thus, dispersion of peat is accompanied by a decrease in the dimensions of the water-conducting channels on 
the one hand, and by a considerable increase in their number on the other. 


Experiments were carried out on the filtration of tagged water through samples compressed to different 
extents, in order to observe variations of the hydration properties and structure of peat as the result of com- 
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Degree of processing 


Fig. 1. Changes in the content of 
bound water (Wy %) in peat at 
different degrees of dispersion during 
mechanical processing: 1) sedge — 
Hypnum peat, R = 35%; 2) Fuscum peat, 
R = 15%; 3) sedge peat, R = 30%, 


a(m) 


‘ i 


pa 


Fig. 2. Effects of compression on 
the porosity (n) and active porosity 
(m) of medium peat. 


Fig. 3. Compression curve (W) for 
medium peat of degree of decompo- 
sition R = 25%, and variations of the 
contents of immobile water (W;). 


2 
Q? Q4 06 = Pkg/cm 


pression. Upper medium peat of degree of decomposition 
R = 25% was used for the experiments, at pressure gradients 
I from 70 to 80, as compressed peat samples have poor 
filtration properties. Variations of the hydration proper- 
ties and structure of peat are represented by the data in 
Table 2. 


It follows from Table 2, that, as in the case of 
dispersed peat, increase of the degree of compression 
results in an increase of the kinetic specific surface So 
and a decrease of the average radius § of the water-con- 
ducting pores, with a consequent sharp decrease of the 
filtration coefficient. In strongly compressed peat sam- 
ples, the dimensions of the water-conducting pores 
approach a limit at which free movement of the liquid 
under a pressure gradient becomes difficult [12]. It is 
known that with further increase of the degree of com- 
pression and decrease of pore radius, it becomes much 
more difficult to press water out of peat. It has been 
suggested that this may be due to the anomalous proper- 
ties of thin liquid layers in the water-conducting pores 
in peat [13]. 


Compression of peat is accompanied by a decrease 
in the amount of immobile water. This is the conse- 
quence of deformation and partial destruction of the cell 
cavities in the plant residues and conversion of intra- 
cellular water into the free form. It is possible that when 
the load is removed there is a reverse process of imbibi- 
tion of water by the plant cells. Destruction of the cell 
cavities leads, for the same reason as in the dispersion 
of peat, to an increase of active porosity. It should be 
noted that these effects are most pronounced in peats 
containing considerable amounts of intracellular water, 
Compression of peat of a high degree of decomposition, 
or of well-processed peat, is hardly likely to be accom- 
panied by a decrease in the amount of immobilized water 
or by an increase of active porosity. 


Variations of porosity n and of the active porosity 
m during compression of peat, determined by filtration 
of tagged water, are shown graphically in Fig. 2, It is 
clear from Fig. 2 that as intracellular water in peat is 
converted into the free form and the amount of immobile 
water decreases, the values of the active porosity m 
(which differ considerably in the original peat from the 
porosity n as usually determined) gradually approach the 
values of the porosity n. The difference between the 
values of n and m corresponds to the immobile water in 
peat, which does not take part in the filtration motion. 
For dispersed materials which do not contain immobile 
(bound and immobilized) water, the values of m and n 
evidently coincide. Thus, it is particularly necessary to 
take the active porosity of peat into account in studies 
of the migration of water in samples with intact structure. 
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For determination of the pressure applied in compression of the samples in the filtration apparatus, parallel 
experiments were carried out with the same peat in Litvinov's compression apparatus [14]. The applied pres- 
sures p given in Table 2 were calculated from. the compression curve and the moisture contents of compressed 
specimens of water-saturated peat in experiments with tagged water in the filtration apparatus. The compression 
curve (W) for medium peat of R = 25% is given in Fig. 3, which also shows variations in the content of immo- 
bile water (W;) determined from experiments on filtration of tagged water. Comparison of Curves W and Wj 
shows that compression of water-saturated peat occurs mainly by way of deformation of the cell cavities in the 
plant residues and removal of immobile (intracellular) water. In all probability, this type of bonding has the 
lowest energy. It follows that the view that high pressure are needed to remove bound water, and in particular, 
water in the intracellular cavities, from peat [15, 16] is unjustified. Our experiments show that the pressures 
required to remove 250-300% of the intracellular water do not exceed 0.5 kg/cm’, A similar conclusion was 
reached by Bulynko [17], who showed that the water-retaining pressure in peat at 340-400% moisture content 
does not exceed 1 kg/cm’. 


Since there is a certain analogy between the shrinkage processes in peat during drying and the mechanical 
expression of water [13], it may be assumed that a similar dehydration mechanism operates during the drying of 
peat. In this case, the pressure which converts intracellular water into the free form is created by shrinkage 
stresses. 


Our results show that the investigation methods which have been developed, based on the use of radioactive 
isotopes, may be used both in studies of the hydration properties and structure of different types of peat, and for 
observing variations of these properties in the course of various technological processes. 


SUMMARY 


1. Variations in the hydration properties and structure of peat during dispersion and compression have been 
studied: with the aid of radioactive-tracer methods. 


2. When peat is dispersed or compressed, the immobilized water content decreases owing to conversion 
of part of the intracellular water into the free form by breakdown and deformation of the plant residues. This, 
in its turn, leads to an increase of the active porosity, especially prominent in dispersion of peat. 


3. Dispersion or compression of peat results in a considerable increase of the kinetic specific surface and 
a decrease in the size of the water-conducting pores, which determines the character of water migration in 
the peat. 


4, The pressure required to convert most of the intracellular water into the free state is relatively small, 
and does not exceed 1.0 kg/cm’, Thus, this form of water in peat has the lowest bonding energy. 


5. The investigation methods which have been developed can be used in studies of various technological 
processes involving changes in the hydration properties and structure of peat. 
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CHANGES IN THE ADSORPTION OF POTENTIAL-DETERMINING IONS 
DURING COAGULATION OF LYOPHOBIC SOLS BY INDIFFERENT 
ELECTROLYTES * 


Yu. M. Glazman, D.N. Strazhesko, E. F. Zhel'tvis, and 
L. L. Chervyatsova 


The Technological Institute of the Light Industry, and the L. V. Pisarzhevskii 
Institute of Physical Chemistry, Acad. Sci. Ukrainian SSR, Kiev 


The stability of lyophobic sols is one of the central problems of modern colloid chemistry. The question 
which still remains least well understood concerns the role of various adsorption effects in colloidal systems on 
addition of electrolytes in the mechanism of coagulation [1-7]. 


Adsorption of counter ions has been studied repeatedly [1-3, 8, 9] and its real existence is accepted uni- 
versally. It is true that different authors evaluate very differently the significance of ion adsorption of this type 
in the stability of lyophobic sols [1-3, 7]. Literature data relating to adsorption of similarly charged indifferent 
ions are extremely contradictory [9-14]. We studied this problem by the direct tagged-atom method [15-17] 
and reached the conclusion that such adsorption does not take place and, in any event, should not play any 
significant role. However, despite this conclusion,it is still uncertain whether in the coagulation of a sol by 
an indifferent electrolyte only the outer portion of the electric double layer is changed, or whether the inner 
layer is simultaneously affected to some extent. Changes in the inner layer must primarily depend on what 
happens to the potential-determining ions on addition of the coagulant electrolyte to the colloidal system. This 
question is of great importance in principle in relation to the problem of stability and coagulation of lyophobic 
colloids in general, and therefore, it has been frequently discussed [18-29]. Despite this, it must be acknowledged 
that it has not been adequately clarified in the literature; in particular, it should be noted that experimental 
studies of the problem were largely performed with only one substance — silver iodide. 


This situation prompted the present investigation, which was concerned with the fate of the potential- 
determining ions during coagulation of lyophobic sols by indifferent electrolytes, The tracer-atom method was 
used. 

* a) 

The substances studied were radioactive sols of Agt ‘ Hg , and As)Sg (negatively charged), and Fe(OH), 
(positively charged). 

Preparation of sols. Silver iodide sol was prepared, as usual, by the mixing of solutions of potassium iodide 
(radioactive, tagged with 3!) and silver nitrate, with KI in 5% excess; KI and AgNO, were previously purified 


by threefold recrystallization. The radioactive Agf sol so prepared was subjected to prolonged dialysis in 
cellophane bags. Both during preparation and during the subsequent use the sol was carefully shielded from 


light. 


In this case, as is known,I~ ions serve as the potential-determining ions [2, 20, 30, 27]. 


2, For preparation of mercuric sulfide sol, hydrogen sulfide previously passed through wash bottles contain- 
ing water was bubbled through Hg(CN), solution (hydrogen sulfide was prepared by the action of heat on a mix- 


* Presented at the Fourth All-Union Conference on Colloid Chemistry, Tbilisi, 1958. 
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TABLE 1 


Principal Characteristics of the Investigated Sols 


Concentration of | Sign of particle | Probable composition of | Specific activity of sol, 


disperse phase charge potential-determining ions] pulses per m1 per minute 
millimoles/liter 
Agt Negative 1 2075704 270 
Hgs The same HgS 37 1175004 1500 
As)SsAs8 — Sy se ASS} and AsOS ~ 652500 + 5000 
Fe(OH), Positive Feo" 900000 + 3000 


TABLE 2 


Comparative Data on Activities (A) and Concentrations of Potential - Determining 


Ions (c) in the Intermicellar Liquids of Agi, 


Solutions Formed From Them After Coagulation by Various Electrolytes 


Hes , AsySq and Fe(OH), Sols and in 


Intermicellar Solutions after coagulation of sols by in- 
liquid different electrolytes 
Electrolyte A, pulses . 104, Cr Cr ~ 2 
/m1> mi ~ions/ ie ulses/ c+1¢, g- |A, pulses/ |c- 104, g- 
/liter ae min  |ions/liter /ml1: min ions/liter 
* 
AglI sol 
NaNO3 27542 4,33 196+1 0,94 
KNOs 403-+-7 4,94 2444-1 4,18 222-42 4,07 
Ca (NOs) 497+ 0,95 176+-2 0,85 
Ba (NOs)e 216-+1 1,04 489-+-1 0,94 
Al (NOs3)3 245-+1 4,18 44744 0,74 
CeCly 479+1 0,86 2014-2 0,97 
Th (NO3)4 2244-2 4,08 205-++-2 0,99: 
* 
Hgs sol 
KCl 719+12 6,09 527-42 4,46 495+12 4,419 
BaCle 690-+-12 5,84 645-12 5,46 
CeCls 637-12 5,39 58212 4,93. 
Th (NOs), 665-+-12 5,63 6724412 5,69 
& 
AS9Sg sol 
KCl 898-417 42,94 432+11 6,22 396-+-10 AYAG: 
BaCle 438-+10 6,31 404++10 6,82 
CeCls 669-442 9,64 6144411 8,85 
Th (NOs) 455 +14 6,55 4424-41 Cron 
* 
Fe(OH), sol 
KNO3 281-9 2,20 2964-23 23i2 1943-++19 Ae2 
KCl 27944.22 21,9 1814+18 14,2 
KeSOq 2470-+20 19,3 3479+-25 PAV IS 
K3 [Fe (CN)o] 3500-24 27,4 4489428 Sor 
K4 [Fe (CN)6e] 7625-36 59,6 10995+-43 86,0 


Note: Since the relative proportions of AsSy and AsOS™ ions in As9S, sols are uncertain, 
in calculation of the concentrations of potential-determining ions it was assumed for 
simplicity that these ions are present in equimolecular proportions. In consequence, 
the concentration values given are nominal,but this in no way affects their comparabil- 


ity. 
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TABLE 38 


Coagulating Action of Different Electrolytes on the Investigated Sols 


Coagulating Ionic strength | Radius of ionic 
Electrolyte concentration, | of solution : atmosphere 
mM/liter |1/« x 10° em 
* 
Agi sol 
NaNQg 420 0,420 4-72 
KNO3 360 0,360 5,10 
Ca (NOs3)z 8,3 0,025 19,3 
Ba (NOsg)z 5-8 0,047 23,4 
Al (NOg)3 0,37 00022 65,2 
CeCls 0,34 00049 70,4 
Th (NOs)s 0,10 (0040 96,7 
* 
Hgs sol 
KCl 425 0,125 8,65 
BaClz | 175 0,0052 42,4 
CeCig 0,067 0, 0004 153 
* 
As»S3 sol 
KCl 75 0,075 44,2 
BaCle 4,50 0,0045 | 45,6 
CeCls 0,117 0 ,0007 116 
* 
Fe(OH), sol 
KNO 3 50 0,050 ASAT. 
KCl 50 0,050 43,7 
K2SO4 0,50 0,00145 78,9 


ture of radioactive sulfur tagged with S*° and paraffin wax and asbestos), and excess H,8 was then removed in 

a stream of hydrogen. A small amount of mercuric cyanide was then added to the sol in order to bind the resi- 
dual hydrogen sulfide. Electrophoretic observations showed that particles of such sols, as of sols with excess H,S, 
are negatively charged. The stabilizing ions in this case are probably HgS,"~ ions [31]. 


3, Radioactive arsenious sulfide sol was prepared by saturation of a solution of arsenious oxide with tagged 
hydrogen sulfide with subsequent passage of a stream of pure hydrogen through thesol. A small excess of As,O, 
was added to this solution. It is known that the particles in such sols are negatively charged; they are stabilized 
by AsS,~ and AsOS~ ions [32]. The sol was carefully shielded from the action of light. 


4, Ferric hydroxide sol was prepared by the Krecke method, by gradual addition of radioactive FeCl 
tagged with Fe®® to boiling water. The sol was then subjected first to hot and then to prolonged cold dialysis 


in cellophane bags. 


The question of the nature of the stabilizer in colloidal solutions of ferric hydroxide cannot be regarded 
as finally settled. Whereas, most workers [1 (p, 94) 14, 33-39] are inclined to regard FeO", Fest or Fe,03” ions. 
as potential-determining, others consider [40-43] that the colloidal particles in these sols are stabilized by Ht 
ions. In view of these differences of opinion, in our experiments with Fe(OH); sol we accepted as a working 
hypothesis the viewpoint most widely held in the literature, according to which FeO* ions (or other cations 
containing iron) are potential-determining in this case. Accordingly, our ferric hydroxide sol was tagged with 


the radioactive Fe®® isotope. 
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Determination of the coagulant concentrations of electrolytes. The sols were coagulated by untagged 


electrolytes containing coagulant ions of different valences. The coagulation thresholds were pelt 
visually. To definite amounts of sol variable amounts of water and electrolyte solution were added a such a 
way that the total volume of the mixture was always the same. The minimum electrolyte concentration 
sufficient for complete coagulation of the sol (coagulation was considered to be complete when a completely 
transparent and colorless solution formed over the precipitate) was taken to be the limiting concentration or 
"coagulation threshold" (CT). The observations were always made immediately after addition of the coagulant. 


Investigation of changes in the concentration of potential-determining ions in solution during coagulation 


of sols by indifferent electrolytes. In order to establish whether any changes take place in the inner layer of 
the double layer on the colloidal particles during sol coagulation, it is first necessary to determine the changes 
in the concentration of the potential-determining ions contained in the intermicellar solution. Since in all 
cases the potential-determining ions were tagged (r31, 535, Fe®%), it was only necessary to compare the specific 
activities of the intermicellar liquid of a given sol and of the solution formed after separation of the disperse 
phase formed as the result of coagulation. 


The intermicellar liquid was obtained by repeated alternate freezing and centrifugation of the sol [30, 32]. 
These operations were repeated until the radioactivity of the solution reached a constant value. The precipitate 
of the disperse phase after coagulation by electrolytes was also separated by centrifugation. Since it has been 
reported in the literature [27] that potential-determining ions are gradually desorbed from the surface of the 
coagulated particles, the precipitate was separated from the solution immediately after the sol had been coagu- 
lated by the electrolyte. For determination of the specific activity, 0.1 to 0.4 ml of the solution under test 
was placed on a filter paper (in experiments with Agf , HgS, and As9Sq sols the filter papers were first treated 
with a solution of silver nitrate, which forms nonvolatile and sparingly soluble compounds with the corresponding 
potential-determining ions), the filter paper was dried, and the activity was determined by means of a Geiger- 
Muller counter [44]. 


If the specific activity of the sol and its disperse-phase content are known, it is easy to calculate the con- 
centration of potential-determining ions in the intermicellar liquid and in the solution over the precipitate 
after coagulation. The data required for such calculations are given in Table 1. 


The disturbances in the structure of the inner layer of the double layer on the colloidal particles which 
are caused, as Table 2 shows, by additions of electrolytes to the systems, may be partly the consequence of the 
inevitable dilution of a sol during coagulation. To eliminate the influence of this factor, the intermicellar 
liquid was always obtained from specially-prepared sol samples, previously diluted to the appropriate extent 
with pure water, All the activity values in Table 2 are reduced to refer to undiluted sols of the initial concen- 
trations. 


Table 2 contains direct recalculated data which are directly indicative of changes in the concentration 
of the potential-determining ions of the intermicellar solutions which take place during coagulation of sols by 
indifferent electrolytes. Estimates of the possible error in the radiometric determinations suggest that the ion 
concentrations in Table 2 are accurate to at least within 2-3%. 


Before a discussion of the main subject of the present investigation, we would like to draw attention to a 
minor fact of some interest. The intermicellar liquids of colloidal mercuric sulfide and arsenious sulfide solu- 
tions had relatively high activities (Table 2). It might be thought that these sols, which were prepared with the 
use of excess mercuric cyanide or arsenious oxide respectively, should not contain sulfur compounds in true 
solution. The results show, however, that this is not the case — despite the generally accepted view, thio- and 
thiooxyarsenious acids and thiomercuric acid (H,HgS_) can evidently exist in solution if their concentrations are 
not too high. 


From these results it can be determined quite definitely whether the coagulation process affects the inner 
layer of the double layer on the colloidal particles and, if so, what the nature of the changes in itis, It is 
clear from Table 2, that in the case of the negative sols of Agi ’ Hgs , and AspSq the concentrations of the 
potential-determining ions in solution after coagulation of the sols by electrolytes was lower than in the corre- 
sponding intermicellar liquids, both at CT and CT x 2. This shows that in the coagulation of such sols by in- 
different electrolytes, there is a certain amount of additional adsorption of potential-determining ions on the 
particles of the disperse phase. 
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A similar result was obtained earlier for silver iodide sol by Kruyt and his associates [24, 27], who used 
a potentiometric method, They explained the additional adsorption of potential-determining ions during 
coagulation from a purely electrostatic standpoint; their reasoning was roughly as follows. 


The colloidal AgI particles have an electric double layer, the potential difference in which is determined 
by the Nernst equation: 


e =—k log [I] = kpl. 


When an indifferent electrolyte is added to the system, the double layer contracts and its capacity therefore 
increases. If the surface charge remains the same then evidently (by definition of capacity) the potential 
difference ¢ decreases. However, as the potential difference ¢€ is determined, in accordance with the Nernst 
equation, only by pl, the surface charge must increase to restore equilbrium. This is effected at the expense 
of the I” ions, in the intermicellar liquid which approach the surface and are ultimately adsorbed on it. 


However, it is not difficult to show in the light of our and Kruyt's results that this purely electrostatic 
interpretation is unsatisfactory. Even when the process corresponds qualitatively to these concepts (i.e., when 
additional adsorption of potential-determining ions was observed), there was no quantitative agreement with 
them. Indeed, it should be expected theoretically that the adsorption effect should increase simultaneously 
with increased contraction of the diffuse double layer which should occur with increasing ionic strength of the 
solution. Facts readily show that these theoretical considerations are not confirmed. 


Table 3 contains calculated values of the ionic strength of the electrolytes and radii of the ionic atmos- 
pheres at electrolyte concentrations corresponding to their coagulation thresholds. Evidently, 1/, can serve 
as an approximate measure of the thickness of the double layer, and therefore represents the diffuseness of its 
outer layer. The greatest contraction of the diffuse layer occurs, as Table 3 shows, when sols are coagulated 
by electrolytes with univalent counter ions. In such cases the double layer is apparently contracted almost to 
the limit; conversely, the higher the valence of the coagulant ions, the more diffuse it becomes. It might seem 
that adsorption of potential-determining ions from the intermicellar solution, if it is really caused by increase 
in the capacity of the double layer on addition of an electrolyte to the colloidal system, should also increase 
regularly in the transition from multivalent to univalent coagulant ions. 


However, Kruyt and Klompe [27], in a study of the coagulation of AgI sols by potassium, barium, and 
lanthanum salts, reached an entirely different conclusion — they found that,despite valence differences, these 
ions in indifferent electrolytes have the same influence on the additional adsorption of iodide ions by the sur- 
face of the disperse phase. 


In contrast to Kruyt and Klompe, we found in a study of silver iodide and other negative sols (Table 2) that 
the nature of the counter ion of an indifferent electrolyte alters to some extent the magnitude of additional 
adsorption of potential-determining ions, However, despite the purely electrostatic considerations discussed 
above, this effect is very weak, and, which is most important, it does not depend in any regular manner on the 
valence of the coagulant ion. 


It must be remembered that changes in the inner layer of the electric double layer on colloidal particles are not 
necessarily associated only with additional adsorption of potential-determining ions from solution — they may 
occur in some instances as the result of orientation at the disperse phase surface of ion pairs of the indifferent 
electrolyte added to the sol (e.g., see [45]). Our results give an indication of the extent to which the electrolyte 
concentration in the boundary layers of the colloidal particles increases in such orientation, if it occurs. The 
negative pole of the dipole formed as the result of such orientation is apparently always directed toward the 
collidal particles, regardless of the sign of its charge [46, 47]. If the colloidal particles are negatively charged, 
then the potential difference which arises from orientation of ion pairs in the electrolyte — the “adsorptional” 
potential difference (y,) — should evidently have the same sign as the original potential of the ionic double 
layer, y;. Since the total potential difference between the phases ( » = gj + gg) is completely determined only 
by the activity of the potential-determining ions in solution, then, if we assume that it is constant (i.e., inde- 
pendent of adsorption of the indifferent electrolyte [48]), it follows that formation of an “adsorptional” potential 
difference g, must inevitably result in a decrease of gj This implies that orientation of ion pairs of the coagu- 
lant electrolyte should lead to desorption of potential-determining ions from the surface of the colloidal particles. 
However, no such desorption was observed in any of the investigated cases of coagulation of negatively charged 
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sols (Table 2); additional adsorption of potential-determining ions, due to contraction of the diffuse outer layer 
of the double layer, always prevailed. This evidently shows that addition of an indifferent electrolyte to a 
colloidal system is not, in reality, generally accompanied by any substantial increase of its concentration at the 
surface of the colloidal particles [15-17]. 


We must consider separately the results of experiments with ferric hydroxide sol (Table 2), in which there 
was considerable desorption of FeO" ions (or other similar ions containing iron) during coagulation in all cases. 
If, as we assumed initially, FeO* ions are potential-determining in Fe(OH), sols, then the results are quite in- 
explicable — they are in obvious and quite irrecouncilable contradiction to the concepts discussed above. In 
fact, both the factors considered above — compression of the diffuse outer layer of the double layer and orienta - 
tion of ion pairs of the coagulant electrolyte added to the sol — should act in the same direction in relation to 
positively -charged colloidal particles of ferric hydroxide: they cause additional adsorption of potential-deter- 
mining ions from solution. However, our experimental data can be explained quite rationally if it is assumed, 
in accordance with Kargin's views [41, 42 see also 40] that H* ions are the potential-determining ions in ferric 
hydroxide sols. Additional adsorption of hyrodgen ions which occurs when coagulant electrolytes are added to 
the sol samples implies an increase of their concentration in the boundary layers of the colloidal particles; it 
leads to intensification of chemical interaction between H* ions and the substance of the disperse phase, and 
hence to desorption of the FeO" ions formed in the reaction. This mechanism of FeO ion desorption is prob- 
ably involved in the superquivalent displacement effect of Cl ions which had been observed by Rabinovich and 
Kargin [35, 49 see also 40] in the course of “rapid" potentiometric titration of ferric hydroxide sols by sodium 
sulfate and certain other electrolytes. This view is incidentally confirmed by the fact that this "superequivalence 
effect was not observed in coagulation of Al(OH), sol, stabilized, in contrast to Fe(OH), sol, by basic aluminum 
salts [50}.. 


Thus, two important conclusions may be drawn from all the results of the present investigation: 


1. Coagulation of lyophobic sols by indifferent electrolytes affects not only the outer but also the inner 
layer of the electrical double layer on colloidal particles. 


2. The changes observed in the process cannot be interpreted solely in terms of purely electrostatic com- 
pression of the double layer. 


In conclusion, attention must be drawn to yet another significant fact. It follows from the numerical values 
of 1/« given in Table 3, that the capacity of the double layer on the colloidal particles decreases regularly and 
considerably with increase of the valence of the coagulant ion. At the same time, additional adsorption of 
potential-determining ions in coagulation of sols by different electrolytes (Table 2) varies relatively little, and, 
in any event, is not in direct dependence on the valence of the counter ions. If it is taken into account that the 
adsorption of potential-determining ions determines the magnitude of the surface charge and that the capacity 
is the ratio of charge to potential, it follows that the surface potential of the disperse phase at the instant of 
coagulation of the sol should differ with different electrolytes; the extent of changes in the potential during co- 
agulation evidently depends both on the valence of the counter ion and on the specific characteristics of the 
colloidal solution itself and of the electrolytes introduced into the system. This shows that the existing theories 
of coagulation [4-6] should be extended by quantitative determinations of the influence of electrolytes on the 
potentials of colloidal particles, It should be remembered in this connection that changes in the surface potential 
of colloidal particles during addition of electrolytes to sols may be due to different causes: on the one hand, to 
exchange adsorption of counter ions in the outer region of the double layer, and on the other, to changes taking 
place in the inner layer. 


SUMMARY 


1, A study was carried out of the coagulation of radioactive Agi, Hgs, and As,$, (negative) and Fe(OH), 
(positive) sols by untagged electrolytes with coagulant ions of different valences. 


2. The activities of the intermicellar liquids of these sols were compared with the activities of the 
corresponding solutions after coagulations; it was found that appreciable additional adsorption of potential-deter - 
mining ions takes place in all cases, The desorption of iron ions observed in coagulation of Fe(OH), sols is 
caused by secondary effects. 
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Thus, coagulation of lyophobic sols by indifferent electrolytes affects not only the outer but also the 
inner layer of the double layer on the colloidal particles. 


3. The purely electrostatic interpretation of the effects taking place within the double layer during coagu- 
lation of sols by electrolytes has been examined. There is a quantitative discrepancy between this interpreta ~ 
tion and the, experimental data. 


4, The coagulation theory must be developed further, with quantitative consideration of the influence of 
electrolytes on the potentials of colloidal particles. 
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EFFECT OF A HIGH-FREQUENCY ULTRASONIC FIELD 
ON PLASTIC PASTES 


M. N. Gol'dshtein and —E. M. Gutman 


The Dnepropetrovsk Institute of Transport Engineers 


It is known that high-frequency mechanical vibrations often have a significant effect on the mechanical 
properties of disperse systems; in particular, they may break down the structure of a system and cause additional 
dispersion [1]. Therefore, ultrasonic vibrations may become widely used in studies of soil structure. 


Golubev et al. [2] used ultrasonics to disperse soil suspensions in preparation of soil samples for mechanical 
analysis. The investigations were conducted at an ultrasonic oscillation frequency of 4-105cycles per second 
and an acoustic output power of 75 w of the quartz oscillator. Aqueous suspensions of various soils were subjected 
to the action of ultrasonics, atsoil—water ratios of 1:6, 1:10, and 1:20. This investigation demonstrated the 
disputable advantage of ultrasonic methods over other methods for dispersion of soil aggregates. Moreover, the 
important conclusion was reached that ultrasonics do not break up individual grains or solid particles in soils. 
Olmsted [3] obtained similar results. 


Crouly and Wolsh [4] used ultrasonics for breaking up clay particles in 1% kaolin suspensions. Dispersion 
of the suspension by ultrasonics of frequency of 1 megacycle/second resulted in complete destruction of agglo- 
merates and flakes. The observed decrease of pH was attributed to formation of nitric acid in the water under 
the action of ultrasound and to liberation of water-soluble adsorbed salts. 


Terpilovskii and Kuznetsov-Fetisov [5] studied the effects of ultrasonics on the properties of clay suspen- 
sions used in drilling of oil wells and gas boreholes. Aqueous suspensions of clays of the Tertiary and Quaternary 
periods were subjected to the action of ultrasonics at a frequency of 21 kilocycles/second and intensity of 
6 w/cm?. The viscosity, static shear strength, and caking power of the suspensions were increased by the ultra- 
sonic treatment. 


All these investigations were carried out with suspensions and gels of high moisture contents. 


In this paper we present the results of an investigation of the influence of high-frequency ultrasonic 
vibrations on mechanical properties of various clay pastes with considerably lower moisture contents, corre - 
sponding to plastic consistency. 


The soil was compacted in a metallic band 70 mm in diameter under a vertical load 2 kg/cm? transmitted 
to the soil through a porous piston. A soil sample 1 (Fig. 1) was then cut out, 56 mm in diameter and 20 mm 
high, inserted in a brass ring, and placed in the compression apparatus, the floor of which was the ultrasonic 
oscillator 2. The piezoelectric oscillator of barium titanate, 60 mm in diameter, was carefully insulated from 
the high-voltage electrode side. 

The high-frequency field and the constant polarizing voltage were supplied to the piezoelectric oscillator 


from a generator constructed in the laboratory, of 300 w power (two GU-150 tubes in parallel) and frequency 
range of 10 kilocycles to 3 megacycles/second. The exposures were in cycles of 3 seconds each. 


The ascoustic power transmitted to the soil was of the order of 100 w. A filter paper 3 and a porous piston 
4 were placed on top of the sample. This piston was used to apply a load of 2 kg/cm? in a vertical direction to 
the soil, lateral expansion being impossible. The vertical deformation h was measured by means of the dial 5 


with 0,002 mm scale divisions. 
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Principal Characteristics of the Tested Soils 


Flow limit (moisture| Rolling limit (mois- 
content, %) Wr ture content, %) W, 


Plasticity number, 


Density, g/cc 


Simferopol" clay 


(montmorillonite) 2.69 
Chasov Yar clay (illite) part 
Pavlograd clay (kaolin) 2.83 
Dnieper sand 2.65 


Vertical expansion of sample, mm 


Fig. 1. Ultrasonic dilatometer: 1) 
soil sample; 2) barium titanate; 3) 
filter paper; 4) porous piston; 5) 
measuring dial; 6) brass rings; 7) 
insulator; 8) housing. Fig. 2. Sonodilatation 
effect in montmorillonite 
pastes with different salts 
in the pore solution; 5% 
solutions of: 1) NaCl; 

2) CaCl; 3) AIC],. 


Exposure time, sec 


Vertical expansion of sample, mm 


Fig. 3. Effect of 
ultrasonic vibrations 
on compaction of: 
1) moist sand; 2) 
dry montmorillonite 
powder. Exposure time, sec 


Vertical expansion of sample, mm 


Fig. 4, Sonodilatation 
effect in montmorillonite 
pastes of different moisture 
contents. 
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Pastes made from clays of different sorption capacities were 
studied — Simferopol’ montmorillonite, Chasov Yar illite, and Pavlo- 
grad kaolinite. Experiments with fine Dnieper sand were carried out 
for comparison (see table). 


Pastes were made with distilled water, transformed oil, glycerol, 
methyl alcohol, and 5% solutions of NaCl, CaCl, and AIC]. The 
upper piston was covered with water or oil to prevent evaporation. 


When a high-frequency field (500 kilocycles/second) was applied 
to the oscillator, the clay samples increased appreciably in volume; 
the increase was approximately linear with time (Fig. 2). 


, Vertical expansion of sample, mmr 


0,01 
Exposure tie ase When the field was removed ,the deformation caused instantly 
Fig. 5. Effect of and after some time slow contraction began. Since the effect was 


free from inertia, it follows that it is associated directly with the 
ultrasonic vibrations and not with the thermal action of ultrasound. 
Special experiments showed that the maximum temperature during 
the exposure did not exceed 44°, 


mineral composition 

of clay pastes on the 

sonodilatation effect: 

1) montmorillonite; 

2) illite; 3) kaolinite. We have given the name of the sonodilatation effect to the 
observed effect of expansion of clay samples under an applied ultra - 
sonic field. 


Experiments with sands saturated with water showed that ultrasonic vibrations cause shrinkage which is 
sharp at first and then dies down asymptotically (Fig. 3, Curve 1). Dry montmorillonite powder also exhibited 
rapid shrinkage (Fig. 3, Curve 2). This is clearly the usual compaction under the influence of vibration, char- 
acteristic for systems in which cohesion forces are absent. 


A montmorillonite sample of plastic consistency, made with distilled water and containing 58.5% mois- 
ture before the experiment, increased in volume under the influence of an ultrasonic field at a constant vertical 
rate of 0,001 mm/second (Fig. 4) despite the fact that it was under a load of 2 kg/cm’. A 2.5-fold decrease 
of the anode voltage of the oscillator resulted in a 16-fold decrease of the deformation rate. The rate of volume 
increase was greater when water instead of oil was put in the space above the piston. The sonodilatation effect 
decreased sharply when the moisture content of the montmorillonite sample was lowered to 37 and 20.75%(Fig. 4). 


The dilatation effect was considerably less with liquids of lower polarity. In particular, a montmorillonite 
sample made with transformer oil did not exhibit dilatation at all. Polar liquids (glycerol, methyl alcohol) 
resulted in much smaller dilatation effects than distilled water. 


The nature of the cations present in the pore solution influences the magnitude of the effect to a consider- 
able extent. The greatest effect was observed in experiments with montmorillonite samples containing 5% NaCl 
solution (Fig. 2, Curve 1), Montmorillonite samples with 5% CaCl, solution showed a somewhat smaller effect 
(Fig. 2, Curve 2), while in experiments with samples containing 5% A1C}, solution, the dilatation was considerably 
less (Fig. 2, Curve 3) than with samples containing Nat. 


The effect of mineral composition on the sonodilatation effect in clay pastes is shown in Fig. 5. Illite 
samples exhibited somewhat smaller dilatation (Fig. 5, Curve 2) than montmorillonite (Fig. 5, Curve 1). Kaolin 
does not increase in volume, but even contracts somewhat (Fig. 5, Curve 3) under the influence of ultrasound. 
The moisture contents of the samples remained almost unchanged after the action of ultrasound in all the experi- 
ments. 


We may refer in this connection to the paper by Chmutov and Alekseev [6], who studied the effect of 
ultrasonics on adsorption of fatty acids by microporous carbon. They found that ultrasonic treatment of micro- 
porous carbon in a solution of equilibrium concentration results in considerable additional adsorption, although 
the carbon does not undergo subdivision leading to an increase of surface area. The authors attributed this ef- 
fect to. . . increase in the mobility of the molecules of the substance, elimination of steric hindrances, and 
peculiar ‘shaking down’ of molecules in the adsorbent pores’ 
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The fact that sands and kaolin do not exhibit the dilatation effectswhereas it is found in illite and to the 
maximum extent in montmorillonite shows that surface activity of the mineral particles plays a dominant role 
in this effect. This is also shown by the considerable decrease of the effect with decreasing polarity of the liquid 
used (in the sequence: water, methyl alcohol, glycerol, transformer oil). 


The sharp decrease of dilatation of montmorillonite with decrease of moisture content is further evidence 
of the role played by binding of the polar water molecules by the surfaces of the clay particles. 
SUMMARY 


1. High-frequency ultrasonic vibrations cause volume expansion of highly disperse pastes; the expansion 
is approximately linear during the exposure. In some experiments, the dilatation rate of montmorillonite paste 
reached 0.074 mm/minute in the vertical direction. 


2. This effect is not observed in coarse-grained soil systems (sands); ultrasound causes compaction of such 
soils. The same is found with highly disperse dry clay powders. 


3. The dilatation effect greatly increases with increases of moisture content of the clay samples and with 
vibration intensity. The effect is also increased in the presence of Na* ions in the pore solution, 


4, The effect diminishes considerably with decreasing polarity of the liquid in the paste pores, and is 
totally absent with nonpolar liquids. 


5. The probable explanation of the dilatation effect is that ultrasonic vibrations intensify binding of the 
polar liquid molecules, and in the case of montmorillonite they also increase the “accessible” surface area of 
the particles. 
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STUDY OF THE SINTERING MECHANISM OF FT OROPLAST -4 
(POLY TETRAFLUOROETHYLENE) PREFORMS 


1. INVESTIGATION OF THE SORPTION PROCESS 


A. A. Gorina and V. A. Kargin 


Scientific Research and Planning Institute of Plastics, Moscow 


The aim of our study of the sintering mechanism of polytetrafluoroethylene (Ftoroplast-4) in molded pre- 
forms was to determine the nature of the process taking place in the molded preform during sintering: whether 
there is an increase of interparticle contact accompanied by a decrease of porosity, but with retention of the 
individual particles, or whether the pores are already destroyed during molding of the preform under the optimum 
specific pressures, while the sintering process favors denser packing of the polymer macromolecules because of 
their higher mobility at the high sintering temperatures, leading to total disappearance of interfaces between 
the particles and to radical changes in the properties of the material. Many known methods may be used for 
solution of this problem, such as methods for investigating permeability characteristics, electron microscopy, 
mechanical methods, etc. 


This paper contains the results of a study of the sorption of a low-molecular substance by Ftoroplast-4 and 
of the diffusion of dyes in Ftoroplast-4, The direct aim of these investigations was to estimate the density of 
molecular packing and microporosity of the material, and changes in the latter during the sintering process. 


Sorption of a Low-Molecular Substance 


Sorption determinations can be used for estimating porosity of a material, including both micropores in 
the ordinary sense and gaps caused by loose packing of the molecular chains. This problem is simpler with 
polymers if the sorbed substance is not soluble in the polymer and the sorption of the substance occurs entirely 
in the free space of the polymer due to the presence of pores and intermolecular gaps. Therefore, ethyl alcohol 
was chosen as the substance for sorption experiments with polytetrafluoroethylene. The sorption capacity was es~ 
timated both by absorption from the gas phase and by immersion of specimens in liquid ethyl alcohol with sub- 
sequent estimation of sorption from permeability to diffusion. 


Investigations of the penetration of aggressive liquids through high polymers have shown that in thermo- 
plastics molecular diffusion takes place, which may be represented in terms of the change in weight of the 
specimen, by means of the equation derived by Kanavets [1] in his study of the effects of the contents of mois- 
ture and volatile substances on the dimensions of articles made from phenolic resins: 


—rDt 
qmail) ; |, (1) 


where 97 is the weight of the specimen after time 7, in grams; 9 ,,,, is the maximum weight of the specimen 
in grams after exposure to the sorbed medium; D is the diffusion coefficient in cm 2/second; 7 is the time of ex- 
posure of the specimen to the medium, in seconds; 1 is the thickness of the specimen in centimeters. 
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TABLE i 


Coefficients of Diffusion (D) of Ethyl Alcohol in Ftoroplast -4 


Sintering temperature of Ftotoplast-4, °C 
Diffusion coefficient x 10°, cm?/second 


* The diffusion coefficient could not be determined for these sintering temperatures owing to the inadequate 
sensitivity of the method. The numerical values of D are probably at least one order of magnitude less than the 
others given above. 


TABLE 2 


Effects of Heating Time and Temperature on the Depth of Penetration of Dye or Pigment 
into Polyethylene 


roan Heating reeeeay Oven Heating borne 
Colorant Poor lt ; epth o : epth o 
veges i ie colorant, Sh nig fue al time, colorant, 
mm Cc min mm 
Sudan 80 45 0,13 Sudan 140 90 1,93 
80 30 0,25 135 45 4,60 
80 45 0.47 135 30 3,83 
80 60 0,43 435 45 5,00 
80 75 4,08 135 60 8,410 
80 90 4,20 Iron 135 45 Color boundary 
410 45 0, BS oxides me 30 does not 
410 30 0,63 i) 45 
110 45 4°70 135 60 at 
410 60 4,33 135 75 The same 
} 60 75 2,39 135 90 » » 


TABLE 3 


Particular Values of Equations (5) and (7) 


Heating temperature 
c 


Expression for the 
relationship Al =kr 


Expression for the rela- 
tionship Al = aT? 


Heating time, min 


0.334. 10-174 
0.669-10° 75 
0.124" 10°" 9 
0.489..1079 75 


Sorption isotherms*. Sintered and unsintered (tablet) Ftoroplast-4 films were used as the test specimens. 
The sorption capacity of these specimens for ethyl alcohol vapor was determined by means of a McBain spring 
balance (of high sensitivity) by a procedure described previously [2]. 


It is clear from Fig. 1 that a sintered Ftoroplast-4 film has the denser structure, and its sorption capacity 
is therefore lower. Limiting saturation is reached in this film at relative vapor pressures in the 40-50% range, 
whereas in the tablet (film not subjected to sintering) limtiing saturation is not reached even at a relative vapor 


* The is otherms for sorption of alcohol vapor by Ftoroplast-4 films were determined by T. V. Gatovskaya in the 
L. Ya. Karpov Physicochemical Institute. 
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TABLE 4 


Effects of Sintering Temperature and Time on the Depth of Penetration of Anthraquinone 
Acid Green Base into Ftoroplast -4 


Sintering | Sintering lpenetration 


Sinterin Sintering Penetration 
temperature, ; time, min depth of dye, 8 
C reren | ir temp., °C time, mm depeh of dye, 
290 30 0,3 350 90 6,0 
290 60 0,7 350 420 6,5 
290 75 0,7 370 30 2,0 
290 90 0,8 370 60 4,3 
290 120 1:0 370 75 5,0 
330 30 1,0 370 90 De 
330 60 1,3 370 420 -— 
330 75 1,8 390 30 3,6 
330 90 2,0 390 60 4,0 
330 420 2,0 390 te 6,1 
350 30 115 390 90 6.3 
350 60 4,3 390 120 — 
350 75 4'4 nfs ce * 
TABLE 5 Ko 
Ks) 
Particular Values of Equations (5) and (7) = ee 
Vian on CIES NTE aaa a re lees ee Ob 
Sintering |s1 for Sintering Expression for 2 5) 
Ship || time relationship 6 = 
temp., YP = k , af n Ud =I 
°C - = KT Il min Al = ar ‘Sa 
Hs VW 
290 0,09t 30 0,234-10-1777 ome 0° 36 50270 90 
2 ws 
350 Oaae = ibang ae : Relative vapor pressure of 
: Fiyo cate hyle alcohol, % 
370 | 0,67¢ 90 0,172 -10-197'8 omy ' 
390 0,781 120 0,192-10-478 


Fig. 1. Isotherms for the sorption 
of ethyl alcohol vapor by Ftoroplast-4: 
1) sintered film; 2) unsintered film 


(tablet). 

a8 pressure of 96.2%. On the other hand, the absence 
Ge of capillary condensation, even in the tablet, indi- 
a : cates that molded Ftoroplast-4 preforms are charac- 
i: 96 terized by the absence of macropores. Therefore, the 
SO Of sintering process involves not only a partial increase 
= ou in the packing density of the material, but also a 
v closer packing of the macromolecules, leading to 
o UE radical changes in the mechanical, dielectric, sorp- 
g Ge tional, and other properties of the material. 
3 yl The kinetics of sorption of liquid ethyl alcohol 


P by specimens of Ftoroplast-4 sintered in the form of 
19U 3456 1 2 th og days disks 25 mm in diameter and 4 mm thick was deter- 
mined for sintering temperatures from 290 to 390°, 
with the specimens held in alcohol for periods from 
1 to 188 days. The results of the tests are plotted in 
Fig. 2. 


Fig. 2. Kinetic permeability curves for ethyl 
alcohol in Ftoroplast-4 for specimens sintered 
at different temperatures. 
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Dye penetration depth,mm 


15 30 45 60 75 9 
Heating time, min 


Fig. 4. Effect of the time of 
heating at different tempera- 
tures on penetration of Sudan 
dye into polyethylene. 


25 50 75 100  t, days 


Fig. 3. The function for 


specimens of Ftoroplast-4 g 
sintered at 390° o° 
a) 
= 
— 
3 
rife] 
The curves in Fig. 2 and Equation (1) can be used of 2 
for calculation of the coefficient of diffusion of ethyl o @g 
= 
alcohol in Ftoroplast-4, after Equation (1) has been A HO 60 75 90 120 


Sintering time, min 
transformed into 


Fig. 5. Effect of the time of heating 
Oe Levent Daft (2) at different tempat on ge pater cos 
ae of Anthraquinone Acid Green Base into 
Ftoroplast-4, 
and in logarithmic form 


Chagas _ aw Dt (3) 


Fig. 3 shows a linear plot of the function 


Omax — 9 
In max tT a T(t) 
Omax 
for a Ftoroplast-4 specimen sintered at 390°. From this straight line it is easy to find the diffusion coefficient 
(D), after transformation of Equation (3) 


(4) 
D= 


=r » cm?*/sec, 
The numerical values of the diffusion coefficient of ethyl alcohol in Ftoroplast-4 specimens sintered in the 
290-390° range are given in Table 1. 


It follows from Table 1 that the sorption capacity of Ftoroplast-4 is halved on increase of the sintering 
temperature from 290 to 320°, and is decreased at least tenfold at sintering temperatures of 320-370°. Ata 
sintering temperature of 390°, the sorption capacity of Ftoroplast-4 begins to increase again. The coefficient 
of diffusion increases for specimens sintered above 390° because degradation processes occur at such tempera - 
tures (especially in Ftoroplast-4 batches of low thermal stability), and relaxation processes, which also increase 
the polymer porosity, become more significant. This hypothesis was put forward in our earlier paper [3]. 
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The low values of the diffusion coefficient for specimens sintered between the transition point and 340- 
350° (according to the thermal stability of Ftoroplast-4) indicate that sintering also occurs at these tempera- 
tures, but, as already reported [3], the process is extremely slow. 


Diffusion in Polythylene and Ftoroplast-4 


Diffusion studies consisted of determinations of the dependence of the depth of penetration of a dye on the 
temperature and duration of sintering; first with a model polymer (polyethylene) which has a well-defined flow 
temperature, and then with Ftotoplast-4 specimens. By comparison of the laws governing the diffusion of a dye 
in polyethylene and Ftoroplast-4 respectively, it was intended to elucidate the sintering mechanism of the latter. 


In experiments with polyethylene, Sudan was used as a compatible dye and iron oxides as an incompatible 
pigment. 


The test specimens were molded in the form of cylinders 28 mm in diameter and 25 mm high, with a 
colored layer in the middle, kept at room temperature for two days, and cut vertically into two equal portions. 
One half of each specimen was photographed. The diffusion layer was measured at three points in the photo- 
gtaph: at the center and at equal distances to the right and left of the center. This half of the specimen was 
the initial standard. The other half of the specimen was heated at 80, 110, and 135° for 15, 30, 45, 60, 75 and 
90 minutes, After the required time, the specimen was removed from the oven, held for two days at room tem- 
perature, and photographed, The diffusion layer in the photograph was measured at the same points as before 
the heating. The results are given in Table 2. 


The control experiments with iron oxides showed that, as was to be expected, there is no diffusion if an 
insoluble substance with very large particles is used, and therefore, the colored layer does not change in shape 
or size. 


The linear relationship between the depth of penetration of Sudan into polyethylene and the heating time 
temperature from 80 to 135° (Fig. 4), is represented by thelinear equation of the general form: 


Al = ke, (5) 
where Al is the depth of penetration of the dye into polyethylene, in mm; k is the tangent of the angle be- 
tween the line and the 7 axis; 7 is the time of heating, in minutes. 

The power relationship between the depth of penetration of Sudan into polyethylene and the heating tem- 
perature is represented by the equation for a parabola, of the general form: 

y = ax”. (6) 
In this instance it is represented by an equation of the form: 


Al = aT", (7) 


where T is the sintering temperature in °c, 
Experimental numerical values of Al , r, and T were used to find the particular values of Equations (5) 
and (7), which are given in Table 3. 


Analogous experiments were carried out with Ftoroplast-4; for this, it was necessary to find colorants 
compatible and incompatible with Ftoroplast-4. The inorganic pigments tested were Monastral and iron oxides; 
the organics included vat intermediates of the aniline group, the indigo group, the anthraquinone group, etc. 

Of the dyes tested, only Anthraquinone Acid Green Base and dyes of the indigo group (indigotin and bromoindigo) 
were found to be compatible with Ftoroplast-4. 


The dye used for the investigation was Anthraquinone Acid Green Base, which has the brightest color. 


The experiments were performed at sintering temperatures of 290, 330, 350, 370, and 390°, and sintering 
times of 30, 60, 75, 90, and 120 minutes, At the end of the required sintering time, the specimen was removed 
from the oven and cooled in air. After two days, the specimen was cut into two equal portions. The depth of 
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penetration of the dye was measured at three points — in the center of the specimen and at equal distances to 
the right and left of the center. The results are summarized in Table 4 and Fig. 5. 


The linear relationship between the depth of penetration of the dye (Anthraquinone Acid Green Base) into 
Ftoroplast-4 and the sintering time at temperatures from 290 to 390° is represented by the linear Equation (5). 
Particular values of Equation (5) are given in Table 5. 


The power relationship between the migration rate of the dye boundary in Ftoroplast-4 (numerical values 
of K, see Table 5) and the sintering temperature is represented by the equation for a parabola, of the form 
K = aT", In this instances, it is represented by an equation of the form 


Kies ONTO ere. (8) 


The power relationship between the depth of penetration of the dye and the sintering temperature is rep- 
resented by Equation (7). Particular values of the equations are given in Table 5. 


No diffusion was observed in analogous experiments with a pigment (iron oxides) insoluble in Ftoroplast-4. 


Thus, investigations of the diffusion of soluble dyes — Sudan in polyethylene and Anthraquinone Acid Green 
Base in Ftoroplast-4 — showed that the penetration of dyes through these two polymers conforms to the same law. 
This shows that in both cases the dye diffuses into the polymer mass. 


It would not be correct to regard these results as proof that the sintering mechanisms of polyethylene and 
Ftoroplast-4 are the same; additional investigations are needed for this. 


Two processes occur simultaneously in the sintering of Ftoroplast-4 preforms: on the one hand, interdiffu- 
sion of the molecular chains or chain segments results in disappearance of interfaces between the particles; on the 
other hand, coalescence of the macro particles is opposed by relaxation, which tends to restore the particles to 
their original shapes. The optimum conditions for pressing and sintering of Ftoroplast-4 preforms were deter - 
mined previously [3]. Experiments showed that specific molding pressures of the order of 500 kg/cm? result in 
minimum porosity, while at the optimum sintering temperatures of the preforms, 375 + 15°, the conditions are 
most favorable for diffusion of the molecular chains, favoring particle coalescence. 


SUMMARY 


1. Macroporosity is eliminated when Ftoroplast-4 preforms are pressed at specific pressures of the order of 
500 kg/em?, This facilitates coalescence of the particles when the preforms are sintered. 


2. The sorption capacity of Ftoroplast-4 decreases with increase of sintering temperature, reaching a 
minimum at sintering temperature between the transition point and 390°. The sorption capacity increases with 
further increase of the sintering temperature. This shows that polytetrafluoroethylene can be sintered in the 
327-390° range, but the process is very slow in the 327-360° range, which is unsuitable in practice. 


When Ftoroplast-4 preforms are sintered at temperatures above 390°, degradation processes occur and re- 
laxation effects become more significant; the latter cause increases of porosity and therefore, of the sorption 
capacity of the material. The optimum sintering range for Ftoroplast-4 preforms is 375+15°. 


3. The fact that dye penetation in polyethylene and in Ftoroplast-4 conforms to the same laws. indicates 
that in both cases the dye diffuses through the mass of polymer material and does not penetrate through the pores; 
the rate of migration is considerably higher in polyethylene than in Ftoroplast-4. 


4, When pressed preforms of Ftoroplast-4 are sintered, the polymer macromolecules become more closely 
packed owing to their higher mobility at high temperatures, which leads to total elimination of interfaces be- 
tween the particles and to considerable changes in the properties of the material. 
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INFLUENCE OF MOLECULAR INTERACTION ON THE DIELECTRIC 
STRENGTH OF VULCANIZATES 


VE. Gul® and’ Yiu. G. Gushcheikin 


The M. V. Lomonosoy Institute of Fine Chemical Technology, Moscow 


An important characteristic of rubber as an insulating material is its dielectric strength [1]. The breakdown 
of a dielectric may be electronic or thermal [2-4]. 


Electronic breakdown occurs as the result of fusion of the dielectric by an electron avalanche which results 
from the interaction of an electron stream with the structural elements of the dielectric at high potentials. 


In thermal breakdown, fusion of the dielectric in one direction (at a weak point) occurs because of slow 
removal, at this region, of the heat formed owing to dielectric loss. Thermal breakdown is more likely at high 
temperatures and under prolonged action of the applied voltage. Electronic breakdown is more likely in brief 
action of the field and at relatively low temperatures. 


In electronic breakdown the material is, roughly speaking, disrupted by electrical forces. The dielectric 
strength then depends directly on the chemical nature of the material. In thermal breakdown, the dielectric 
strength depends on the chemical nature of the material only indirectly — through the magnitude of the dielec- 
tric loss, electrical conductance, and thermal conductivity. 


Oakes [5] carried out a systematic study of the effects of temperature and polymer polarity on the dielec- 
tric strength of polyethylene, polyisobutylene, polystyrene, and other high polymers. The polarity of polyethy- 
lene was varied by chlorination to different degrees. The dielectric strength of nonpolar polymers (polyethylene, 
polystyrene, polyisobutylene) at low temperatures remained almost unchanged on heating up to a definite tem- 
perature. Subsequent heating was accompanied by a rapid decrease of dielectric strength. Chlorination of 
polyethylene increased its dielectric strength at low temperatures and increases it at high temperatures. 


The results of these investigations are interpreted as confirming the electronic theory of breakdown. Liter- 
ature data on the dielectric strength of vulcanizates made from different rubbers and of different formulations 
show [1, 6, 7] that the dielectric strength of rubbers in technical tests depends very little on the type of rubber, 
and lies mainly in the range of 20-30 kv/mm. The dielectric strength of ebonites reaches 40 and even 80 
kv/mm [1, 6, 7]. Fillers, especially polar, lower the dielectric strength of vulcanizates. The dielectric strength 
of deformed (stretched) vulcanizates in electronic breakdown [1, 4] increases by 40%; this is attributed to 
orientation of the rubber molecules. The literature does not contain any descriptions of systematic studies of 
the influence of quantitative characteristics of the. molecular structure of polymers on the dielectric strength of 
vulcanizates. 

In an examination of the literature data on the subject we may note attempts to draw an analogy between 
the statistical aspects of mechanical and dielectric strength [5]. We consider that the analogy between the dielec- 
tric and mechanical strength mechanisms is reasonable, as the behavior of polymers in electrical and mechani- 
cal force fields is in many respects analogous, Attention must also be drawn to the analogy between the Debye 
theory relating to the orientation of molecular dipoles in an external electrical field and the theory relating to 
orientation of the segments of chain molecules by mechanical forces [8]. 


The purpose of the present investigation was to determine the relationship between the dielectric strength 
of unfilled vulcanizates and the intensity of intermolecular action (cohesive energy density). 
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Fig. 1. Electrodes for determination moisture contents and low tempera- 


of dielectric strength at low tempera- tures. 
tures: 1) upper electrode; 2) lower 
electrode; 3) asbestos; 4) asbestos 
board; 5) acetone and solid carbon 
dioxide; 6) specimen. 


In order to diminish nonuniformity of the field 
in the dielectric strength tests, specimens 0.1-0.4 
mm thick were used. Reasonably good contact be~- 
tween the electrodes and the specimens was achieved 
with the use of brass electrodes. In measurements 
of dielectric strength at low temperatures special 
electrodes were used (Fig. 1). The cavity in the 
upper electrode was filled with a freezing mixture 
consisting of acetone and solid carbon dioxide. The 
temperature was measured by means of a thermo- 
couple inserted through an opening in the upper 
electrode. Temperature equilibrium in the system 
became established in <1 minute. The tests were 
usually performed 2 minutes after the specimen had 
been put in, with a previously-cooled lower electrode. 


No. of specimens 


Fig. 3. Histogram representing the results 
of dielectric strength determinations (En) 
of SKN-18 rubber vulcanizate; interval 
1 kv/mm. The tests were conducted in such a manner as 
to ensure electronic breakdown, which is influenced 
more fully by the nature of the polymer. For this 
reason, thin specimens were used, and the electrodes were made of brass to ensure good heat conduction; the 
voltage was raised rapidly to the breakdown value, so that liberation of heat in the specimen was at a minimum. 


The specimens were tested by means of the apparatus the circuit of which is shown in Fig. 2. Leads from 
the 220 v supply were taken through a small board with a double-pole knife switch 1 and fuses 2 and 3 to the 
primary winding of a stepdown transformer 4 (2 kva), The secondary winding of this transformer was connected 
to the primary winding of the input transformer 5 of an AMI-60 oil breakdown tester (220/60 kv-3 kva). The 
input transformer has variable turn ratio. The ends of the secondary winding of the input transformer were 
connected to the ends of the primary winding of the main step-up transformer 6. The high voltage was fed 
from the breakdown tester to terminals in the thermostat, and from the terminals directly to the electrodes. The 
thermostat was contained inside a wooden case fitted with a system of double-pole blocking contacts 7 and 8. 

In addition, tappings were taken from the input leads of the stepdown transformer primary winding to a neon 
indicator tube 9, through a 100-ohm resistance 10, which indicated that the whole system was live. 


The current strength in the primary winding of the stepdown transformer was measured by the ammeter 11 
connected between the panel and the input terminals of this transformer. 


268 


Fig. 4. Variations of breakdown voltage with specimen. thickness for 
different rubber vulcanizates: 1) SKN-18; Ba ave 28.6 kv/mm; 2) 


SKN -26; on ae 25,6 kv/mm} 3) SKN-40; Ep, ay = 27.2 kv/mm. 
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Fig. 5. Variations of dielectric 
strength with thickness of vulcan- 
ized-rubber specimens: 1) SKN-18; 
2) SKN-26; 3) SKN-40. “0 -50 -9 -3 -20 -l0 0 MW 2°. 
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Fig. 6. Variations of dielectric strength with tem- 
perature for: 1) SKN-18; 2) SKN-26; 3) SKN-40. 
It is known that if the breakdown voltage is a 
linear function of thickness this means that the 
electric field is uniform at the instant of breakdown. 
A slight decrease of dielectric strength with increase of specimen thickness may be ascribed both to partial 
nonuniformity of the field and to the statistical character of the breakdown. 


By the statistical strength theory [10] the results of mechanical strength tests depend on the probability of 
"weak spots” occurring in the given specimen. The probability of weak spots occurring in a specimen increases 
with increase of its dimensions (in particular, thickness), and its strength decreases. It is possible that in view 
of the statistical nature of dielectric strength these considerations also apply to dielectric breakdown. Weak 
spots in vulcanizates arise from small cavities, particles of polar substances including the rubber ingredients, 
accumulations of oxidation prdoucts, and various extraneous impurities. The statistical character of dielectric 
breakdown in illustrated by Fig. 3. 

To determine the influence of specimen thickness on dielectric strength, tests were carried out on vulcan- 
ized acrylonitrile rubbers SKN-18, SKN-26, and SKN-40, The breakdown voltage (at which the dielectric is 
punctured) is plotted against specimen thickess in Figs, 4 and 5. The relationship between breakdown voltage and 


thickness is almost linear, while the dielectric strength decreases slightly with increasing thickness. Analogous 
results were obtained by Bartenev [11] in a study of the effects of specimen thickness on mechanical strength. 


No conclusions concerning the effect of polymer polarity on dielectric strength can be drawn from the 
above results, It seems that the test temperature was not low enough for any effective manifestation of differ - 


ences in molecular interaction in the polymers. 
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Fig. 9. Variation of the logarithm of 
dielectric strength with the reciprocal 
temperature for vulcanizates of: 1) 

SKN-18; 2) SKN-40; 3) smoked sheet. 


Fig. 10. Correlation between 
maximum values of E_, and 
glass-transition temperatures 


: of rubbers. 
Low-temperature experimental data for butadiene- 


nitrile rubbers at low temperatures are presented.in 

Fig. 6. The glass-transition temperatures of SKN-18, 

SKN-26, and SKN-40 rubbers are —55, — 42, and — 32° 

tespectively. It was found that the temperatures corresponding to the maxima on the Ey, = f (t°) curves and 
the glass-transition temperatures for these vulcanizates approximately coincide under the test conditions used. 


Figure 7 (Curve 1) shows the results obtained in dielectric-strength tests on a natural-rubber vulcanizate. 
In this case, the glass-transition temperature was not reached and there is no maximum on the Ep, = f (t’) curve. 
Chloroprene-rubber vulcanizates (Fig. 7, Curve-2) have low dielectric strength in comparison with other rubbers; 
it increases slightly with fall of temperature. The dielectric strength of SKB rubber (Fig. 7, Curve 3) remains 
almost constant down to —35°, and then increases steeply on further fall of temperature, passing through a maxi- 
mum at — 48°, which coincides with the glass-transition temperature of SKB (48°). The dielectric strength of 
SKB falls with further decrease of temperature, It is interesting to note that the dielectric strength of nitrile 
rubbers at temperatures below 28° differs sharply for vulcanizates with different nitrile group contents. 


It follows from Fig. 8, that the maximum values of dielectric strength increase approximately linearly 
with increase of molecular interaction. 


The relationship between dielectric strength and temperature is also analogous to the relationship between 
mechanical strength and temperature (Fig. 9); both types of strength vary nonmonotonically with decrease of 
temperature and pass through maxima [11, 12]. The explanation offered for the nonmonotonic variation of 
dielectric strength at low temperatures is that when the structural elements are fixed (in the glassy state), increase 
of temperature js accompanied by increased scattering of the electron avalanche and an increase of dielectric 
strength. In the temperature region characterized by relative mobility of the structural elements, increase of 
temperature is accompanied by increases in the mobility of the chain segments and orientation polarization, and 
a decrease of dielectric strength. These views satisfactorily account for the correlation between the maximum 
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values of Ey, (determined from the temperature relationships) and the glass -transition temperatures of the rubbers 
(Fig. 10). 


It was of interest to investigate the effect of the time during which the voltage is applied on dielectric 
strength. It was found that the diclectric strength first falls sharply with increase of the time of action, and then 
reniains approxituately constant; this is probably because the breakdown mechanism changes when the time of 
action is increased sufficiently. Transition to thermal breakdown is possible. 


SUMMARY 
1. Dielectric strength is shown tobe statistical in character, and to have much in common with mechanical 


strength, such as the character of the distribution curves and the variations of dielectric and mechanical strength 
with specimen thickness and temperature, 


2. In the region of high elasticity.differences of molecular interaction do not have any significant influence 
on dieleciric strength. Inthe transition region between the high-elastic and glassy states, the factors which deter- 
mine the mobility of the molecular-chain segments have a significant influence on dielectric strength. 


3. The maximum value of the dielectric strength is directly proportional to the cohesive energy density 
(if the other characteristics of cheinical structure of the polymers are constant), 


4. The dielectric strength of vulcanizates increases with fall of temperature, reaching a maximum at the 
glass-transition point, and decreases with further decrease of temperature, 


5. There is a linear relationship between the maximum dielectric strength and the glass-transition tem ~ 
perature for rubbers of similar chemical structure. 


6. In the transition region between the high-elastic and glassy states, the diclectric and mechanical 
strengths depend analogously on various factors (speciinen dimensions, temperature, time of action of the 
mechanical or electrical field, cohesive energy density of the polymers). 
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PREPARATION OF HIGHLY-CONCENTRATED LITHIUM, POTASSIUM, 
AND SODIUM SUSPENSIONS IN AN ULTRASONIC FIELD 


A. P. Kapustin 


Institute of Crystallography, Academy of Sciences, USSR 


The production of disperse systems with definite properties is importa’ * in various technological processes. 
Such properties include concentration, precipitability, viscosity, stability, etc. Disperse systems have not yet 
been studied sufficiently; because of this, and partly because of difficulties in preparation, their significance is 
not yet fully understood. Development of a method for the production of suspensions with different concentra - 
tions of the disperse phase is of interest in this connection. ; 


It is known that one of the peculiar effects of ultrasonic vibrations on solids is to cause dispersion. Utiliza - 
tion of sonic and ultrasonic energy in modern dispersion technology leads to interesting practical results, im- 
portant far understanding the dispersion process itself. 


This paper contains the results of an experimental investigation of the dispersion of certain alkali metals, 
and a discussion of the conditions for effective results. 


In our experiments lithium was dispersed in vacuum oil, and potassium and sodium in kerosene. Special 
interest attaches to the production of disperse systems of these substances by ultrasonic methods, as the use of 
other methods is very difficult. Moreover, to the best of our knowledge, there have been no methods proposed 
for production of highly concentrated suspensions by the action of ultrasonic vibrations. 


The dispersion. of these substances was effected in a quartz flask about 100 cc in capacity. 


High-frequency mechanical vibrations were produced by means of a continuous-action quartz piezelec- 
tric oscillator with a signal frequency of 700 kilocycles/second, and a magnetostrictive resonator of frequency 
25 kilocycles/second. The output power was constant in all cases, the anode current being fixed. The depth 
of the liquid in the quartz flask was arranged so as to ensure maximum transmission of energy to the material. 
The energy input in the experiments did not exceed 5 w/cm?, 

Most of the experiments were performed at an ultrasonic frequency of 700 kilocycles/second. Each ex- 
posure lasted 1-2 minutes. It was found by experience that metal present in the dispersed state in kerosene 
hinders further development of the process, and therefore, repeated exposure in the same liquid produces little 
change in the concentration of the suspension. 

Four factors influencing the dispersion process were studied: time of exposure of the substance to the ultra - 
sonic field, temperature, frequency, and ultrasonic energy. 

Before the irradiation the substance. to be dispersed was cut into portions of about 1 cc each and put in the 
flask containing the appropriate liquid. 


Preliminary experiments showed that at room temperature dispersion proceeds very slowly under the in- 
fluence of ultrasonic vibrations. The liquid remains transparent even after prolonged exposure (30-40 minutes). 
Effective results are obtained only when the substance heated to near its melting point is exposed to ultrasonic 


vibrations of the maximum energy. 
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Lithium suspension. For example, ultrasonic treat - 
ment of lithium heated in oil up to 120° has little influence 


on the rate of the dispersion process. The dispersion rate is 
increased considerably when lithium is heated to 150° (m.p. 
of lithium ~ 179°) and exposed to ultrasonic vibrations at 

~ 5 w/cm?, Ultrasonic treatment of lithium at a lower fre- 
quency (25 kilocycles/second gives qualitatively the same 
results, but under comparable experimental conditions more 
of the substance is dispersed. 


Sodium suspension. Sodium is dispersed very slowly 
in kerosene at 20°. To increase the degree of dispersion, 
the sample was subjected to repeated irradiation. As a 
result, the number of particles in the liquid increased, but 
even after one hour of treatment the concentration of the 


suspension changed little. 


When a fresh liquid is put into the flask the rate of 
dispersion always increz..s. The rate of dispersion increases 
when the substance is heated to a temperature close to its 
melting point, but a suspension with a high sodium concentration (in the form of a mastic ) cannot be obtained 
at once; for this, sedimentation of the disperse system is necessary. The suspension formed after the expesure 
is poured off into another flask, while the remaining sodium is covered with fresh kerosene and treated again. 
The required amount of dispersed sodium can be collected by repetition of these operations. 


Suspension of potassium in kerosene; 
1 square represents 100 1 


Potassium suspension. Because of the low melting point of potassium (63.5°), preliminary heating is not 
necessary, and the thermal action of ultrasonics is sufficient. Dispersion of potassium near its melting point pro- 
ceeds so rapidly that a suspension with a high potassium content is obtained readily in one treatment. After 
settling a thick mass is formed, containing potassium particles of different sizes (see figure). 


The dispersion results were not changed qualitatively by the use of low frequencies. 


In all cases the dispersion rate is increased by the use of higher ultrasonic energies. 


SUMMARY 


1. Methods for the preparation of highly concentrated suspensions of lithium, sodium, and potassium are 
described. 


2. The rate of dispersion of alkali metals depends on the ultrasonic energy and the temperature of the 
medium. 


3. For a given energy, larger amounts of dispersed substance are obtained at lower frequencies. 
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ADSORPTION OF ELECTROLYTES BY NICKEL HYDROXIDE 


N. G. Klyukina 


The N. G. Chernysheyskii State University, Saratov 


The active mass of the positive plate in the alkaline cell consists of a mixture of nickel hydroxide and 
graphite, the latter being a conducting additive. The electrochemical pro’ ‘ties of the nickel hydroxide — 
graphite electrode depend on the presence of very small amounts of impurities in the solution and in the solid 
phase; these may have either favorable or adverse effects on electrode performance. As the result of numerous 
experimental research several harmful impurities and activating additives have been discovered, but the 
mechanism of their action remains obscure in most cases. In the same way, not enough is known about the 
nature of the ion sorption processes taking place during precipitation of the hydroxide and during operation of 
the electrode. 


Some workers regard the sorption of fons by nickel hydroxide as a chemical reaction [1-3] and others 
ascribe the main role in the process to adsorption effects [4, 5]. There are even greater discrepancies between 
the explanations offered for the action of activating additives and poisoning impurities on the nickel hydroxide 
electrode. An examination of literature data relating to studies of the action mechanism of a number of im- 
purities shows that in the interaction of extraneous ions with nickel oxides, an important part is played by iso~- 
morphic substitution of ions in the crystal lattices of nickel oxides [6, 7] and by adsorption effects on the surface 
of the active mass [8, 9]. 


The aim of the’ present investigation was to verify the applicability of general laws determined for other 
substances to the sorption of ions by nickel hydroxide and to elucidate the character of this sorption, i.e., to 
determine whether the whole molecule is taken up or whether ion exchange takes place, and whether these pro- 
cesses take place on the surface of the solid phase or within it. 


To solve these problems, adsorption of neutral salts of alkali and alkaline-earth metals was measured, 
adsorption isotherms for individual ions and alkalies were plotted, and values of the zeta potential in various 
media were determined. The influence of secondary structure was studied by determinations of the adsorption 
of certain ions of samples of nickel hydroxide differing in porosity and specific surface. 


The nickel hydroxide used was prepared by addition of nickel sulfate to caustic soda solution at 40° with 
continuous stirring. The precipitate was filtered off, pressed, and dried. 


For investigation of the influence of dispersity and structure of the powder on electrolyte sorption, addi- 
tional Samples 1, 4 and 8 were taken (Table 1), which differed from each other in pore distribution, pore radii, 
and specific surface. The physicochemical characteristics of the samples are given in Table 1. 


Before the experiments the samples were washed with distilled water until the conductivity of the wash 
waters became equal to that of the distilled water. The washed samples were dried at 110° and stored in a 
desiccator over calcium chloride. | 

The experimental temperature varied in the 20-25° range. These temperature variations did not have 
any appreciable influence. on the adsorption, as the temperature coefficient in adsorption from solution is small. 


In the adsorption experiments a known weight of powder was placed in an ampoule and an electrolyte 
solution of known concentration was added, in the proportion of 5 ml of electrolyte solution per gram of hydroxide. 
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TABLE 1 


Physicochemical Properties of Different Samples of Nickel Hydroxide 


Chemical composition {Dimensions of Pore volume, cc/100 g 


Nickel pelimaty crystals Specific sur- 
’ 2 
hydroxide i face, m*/g Frenne air 
samples micropores total 


ate pores 


100/50 


4 120/60 12.57 

8 170/130 10.20 

11 100/50 16.62 
TABLE 2 


Adsorption of Electrolytes by Nickel Hydroxide 


Solution concentration, meq/ml : 
es ee 


Electrolyte Adsorbed, meq/100 g 


anions 


K2SO, 0.0953 0.0947 0.0903 0.0899 2.4 
MgSQ, 0.1090 0,1083 0.0895 0.0900 9.15 
MgCl, 0.1167 0.1167 0.1070 0.1064 5.15 
CaCl, 0.1480 0.1442 0.1320 0.1282 8.0 
BaCl, 0.2422 0.2403 0.2202 0.2202 10.0 
KOH 0.0919 0.0913 0.0759 0.0761 7.6 
TABLE 3 


Effect of Solution pH on Adsorption of Anions by Nickel Hydroxide 


Solution concentration, meq/ml 
original equilibrium 
| cation | antons | cation | anions | 


0,25 0.206 0.195 0.195 


pH of original 
solution 


Adsorbed, meq/100 g 


cations 


5.0 


Salt 


anions 
K»SO, 

K,SO, + KOH 
KH,PO, 
KH,PO, + KOH 


The ampoules were shaken in a mechanical shaker, and after a definite time, a sample of the equilibrium solu- 
tion was taken for analysis. 
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Fig. 1. Isotherms for adsorption of anions on 
nickel hydroxide. 


Adsorption of neutral salts by nickel 
hydroxide 


To deterinine the manner in which the salt 
is taken up, i.e., to find whether the whole mole-~- 
cule is taken up or whether one type of ion is 
adsorbed selectively, the adsorption of cations and 
anions from a number of alkali and alkaline-earth 
metal salts was investigated. 


S 


The concentrations of individual ions in the 
original and equilibrium solutions were determined 
by the usual analytical methods [10]. 


Adsorption, mmole/100g 


ae ani eee nae eda soln: The results of adsorption determinations for 


tion, mmole/liter neutral salts are given in Table 2. It is seen that 
cations and anions are adsorbed from solutions of 
neutral salts in nearly equivalent amounts. How- 
ever, this equivalence breaks down with change 
of hydrogen ion concentration (Table 3). 


Fig. 2. Isotherms for adsorption of alkali- 
metal hydroxides on nickel hydroxide. 


The results show that in alkaline solutions there is predominant cation adsorption, accompanied by dis- 
placement of hydrogen ions and decrease of pH of the medium. This qualitative observation of the ability of 
nickel hydroxide to change the sign and magnitude of the surface charge in accordance with the reaction of the 
medium was confirmed by direct determinations of the zeta potentialin solutions with different hydrogen ion 
concentrations. The zeta potentials were determined by the electroosmotic method with the apparatus described 
by Antipov-Karataev [11]. The results are given in Table 4. 


It follows that the hydrogen ion concentration of the electrolyte solution determines the adsorption pro- 
perties and structure of the electric double layer at the interface between nickel hydroxide and the liquid. 


Isotherms for the adsorption of individual ions and alkalies by nickel hydroxide 

To determine the influence of the nature of the solute on its adsorption by nickel hydroxide, adsorption 
isotherms were plotted for the ions: SOea Coz-, AsO?” and PO,” and LiOH, NaOH, and KOH. The adsorption 
isotherms were plotted from 5-7 points in the concentration range from 0.005 to 0.9 N at 25°, determined by 
the method described above. The results of the experiments are presented in Fig. 1 and 2. 


The degree of cover of the hydroxide surface by the adsorbed ions was estimated by calculation, from the 
values of the maximum adsorption, of the fraction of the surface occupied by the ions in the adsorption layer, 
by means of the Nikol'skii formula [12]. 
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Diameters of nonhydrated ions were used for the calculations and it was assumed that one end of an ad- 
sorbed electrolyte molecule is oriented toward the solid surface and the other is directed toward the diffuse 
region of the double layer. 


The specific surface occupied by adsorbed ions on nickel hydroxide Sample No. 11 is 


SOF 6. 4,9 m?/g AsO3—... . 43,7 m?/g 
CO? rset /g-POe 1210 nrg 


It follows that ions are adsorbed only on certain active regions of the surface in the form of incomplete layers, 


The effect of the dispersity of nickel hydroxide on its adsorption properties is illustrated by data on ad- 
sorption of PO} ions on different samples which differed from each other in secondary structure and specific 
surface (Fig. 1). 


Experimental data on the adsorption of electrolytes on nickel hydroxide show that the adsorption depends 
on the nature of the ions in the molecule,solution concentration, and the magnitude of the surface charge. The 
latter is proportional to the specific surface of the powder and depends on the pH of the medium. The influence 
of these factors on the magnitude and mechanism of adsorption of neutral salts and alkalies by nickel hydroxide 
can be easily explained in the light of the theory of the structure of the electric double layer formed at the in- 
terface. Zhukov [13] and Kolthoff [14] showed that the surface charge of metal hydroxides in alkali solutions 
depends on the ratio of hydroxyl to metal (or hydrogen) ions in solution. In the case of amphoteric compounds, 
the sign of the surface charge and the nature of the dissociation of the surface molecules depend on the pHof 
the medium [15, 16]. Table 4 shows that nickel hydroxide can also undergo surface charge reversal in accor- 
dance with the reaction of the medium. Therefore, by analogy with iron and aluminum hydroxides, we can 
write 


Ni (OH), 2 Ni (OH)+ + OH- in acid medium 
Ni (OH), 2 NiO (OH)- + H* in alkaline medium 


Our experimental data on adsorption of electrolytes on nickel hydroxide are in agreement with these 
schemes. Thus, from neutral salt solutions, cations and anions are adsorbed in nearly equivalent amounts (Table 
2). Adsorption of cations increases with increase of pH of the medium. Bases in the form of whole molecules 
are predominantly adsorbed from mixtures of neutral salts and alkalies (Table 3). 


Molecular adsorption of alkalies is also quite easily explained with the aid of the above schemes for the 
structure of the electric double layer on the nickel hydroxide particles. 


According to the results of our determinations of electrokinetic potential, the hydroxide carries a negative 
surface charge in alkaline solution. The alkali-metal cations present in solution replace the hydrogen ions in 
the diffuse layer and displace them into solution where they combine with hydroxyl ions to form water. As the 
result of such exchange, whole molecules of alkali disappear from solution. 


Molecular adsorption of salts can probably be regarded as the result of simultaneous adsorption of cations 
and anions near the isoelectric point, when the number of positive charges on the particle surface is equal to the 
number of negative charges. 


The degree of adsorption of ions on nickel hydroxide is consistent with the electric double layer theory. 
Adsorption of anions from neutral salt solutions with a common cation increases with increase of the valence of 
the anion: 

C'<) 507 << CO, = AsO Poe 

With a alge anion, the adsorption of the cation increases with decreasing hydration, in the series 

Mg”+ # CaP") Bar 


An interesting fact is the reversal of the lyotropic series of alkali-metal cations in adsorption on nickel 
hydroxide from alkaline solutions (Fig. 2). In this case the cations form the following sequence: its Nats KN 
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Reversal of the lyotropic series of cations was observed by Wiegner [17] in a study of cation adsorption 
from aqueous alcohol mixtures, and by Mattson [18] in adsorption from concentrated solution; in general, under 
conditions which lead to dehydration, 


Other authors associate the energy of ion adsorption with the nature of the adsorbent, such as its physical 
structure and swelling. For example, Walton [19] noted that differences between the degrees of adsorption of 
different cations disappear when strongly swelling adsorbents are used. 


Our cation series Lit> Na‘>K*, can probably be explained by the well-known ability of nickel hydroxide 
to swell in alkaline solutions, when the adsorbability of cations becomes proportional to their crystallographic 
radii. 

SUMMARY 


1, The adsorption of a number of neutral salts and alkalies has been studied on nickel hydroxide used for 
production of the active paste in positive plates of alkaline storage cells. 


2. The proportions of cations and anions adsorbed depend on the pH of the medium and the sign of the 
surface charge of the hydroxide. At pH values close to the isoelectric point cations and anions are adsorbed in 
nearly equivalent amounts, Cation adsorption increases with decrease of hy” ogen ion concentration owing to 
increase of the negative surface charge of the nickel hydroxide. 


3. With a given anion, the adsorption of neutral salts is determined by the nature of the cation and increases 
with decreasing radius of the hydrated cation: Mg”* < Ca*+< Ba", Adsorption of anions from salt solutions with a 
common cation conforms to the valence rule, and the anions form the following series in order of adsorbability: 


SO47< COR"< AsO} < POS”. 

4, The lyotropic series of univalent alkali-metal cations is reversed in adsorption from alkaline solutions: 
Li’> Na*>K*, 

It is suggested that this sequence is determined by the structural properties of nickel hydroxide and its 
tendency to swelling. 


5. Ion adsorption occurs only at certain active points of the surface, so that the adsorbed ions form an in- 
complete monolayer on the hydroxide surface. 


6. The adsorption of neutral salts and alkalies on nickel hydroxide is in good agreement with the adsorption 

mechanism and the theory of the structure of electric double layers at interfaces. 
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EFFECT OF PRESSURE ON SWELLING ISOTHERMS AND EQUILIBRIUM 
CURVES 


V.S. Komarov 


Institute of Chemistry, Academy of Sciences, Belorussian SSR, Minsk 


The purpose of the present investigation was to determine the changes of equilibrium with pressure during 
swelling of a polymer in mixed media, and to elucidate the affinity of the components of a mixed solution for 
the polymer and their state in the swollen-polymer phase, 


Accordingly, we studied the swelling of vulcanized natural rubber in benzene — alcohol and benzene —chloro- 
form mixtures under atmospheric pressure and under 1 atmosphere excess pressure, 


The swelling pressure was studied with the aid of a specially designed apparatus (Fig. 1). 


The diffusion partition was a No. 4 glass Schott filter which, together with a round metal plate containing 
a large number of perforations 1.5 mm in diameter, was insertedin the upper part of the apparatus. To avoid 
amalgam formation, the lower part of the apparatus was lacquered on the inside, 


As shown in Fig, 1, the rubber specimen was placed under the filter and floated on the mercury surface. 
The solvent was introduced into the upper part of the apparatus through the orifice, A. During the first three 
days, the specimen was allowed to swell under atmospheric pressure. The mercury level was then raised in tube 
B to set up the necessary excess pressure, and the experiment was continued for 10 more days. Part of the liquid 
was pressed out of the swollen polymer by the action of the excess pressure; this was indicated by changes of the 
mercury level in tube B, When the mercury level in tube B became constant, this showed that thermodynamic 
equilibrium had been reached, The composition of the solution in the polymer phase was determined interfero- 
metrically by a method described earlier [1]. 


The results of the experiments are presented in 
Fig, 2, where the Isotherms 1, 3, and 5 represent swelling 
of vulcanized natural rubber under atmospheric pressure, 
and Isotherms 2, 4, and 6 correspond to swelling under 1 
atmosphere excess pressure, 


etree mmm It is clear from Fig, 2 that in the region of maxi- 
mum swelling the position of the isotherms depends 
sharply on the external pressure; this, in accordance with 
the Le Chatelier principle, is due to the decrease of the 
surface of the swollen polymer by an amount corresponding 


to the change of free energy. 
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external force is not only associated with a decrease of the 


Fig. 1. Apparatus for studying swelling amount of liquid absorbed per gram of polymer, but is 
under pressure, 1) Metal plate; 2) Schott also accompanied by changes in its composition in the 
filtez; 3) polymer; 4) mercury, polymer phase, Examination of the data in the table 
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Mole Fractions of Component 2 in the Polymer Phase at Atmospheric Pressure and 1 Atmos 
Excess Pressure 


Mole fraction of component in polymer phase (Np)* i 


Np* of Icanized rubber ben-| Vulcanized rubber —ben- |vulcanized rubber— ben- 
solution| tine ethyl alcohol | zene (2) — n-butyl al-  Izene (1).- chloroforin (2) 
GS ie leas 


cohol (2) eh: ROME Ur 
ic |1 excess ~ btmospheric |} excess atmospheric |1 excess 
pre anes atmos Pr _latmos P Ga 

0,050 0,054 0,044 0,040 (),038 0,044 = 
0,446 0089 0/078 0/094 (086 0,102 0,114 
0,200 0.145 = 0,445 (438 0,493 0,190 
0,300 0.485 0,139 0,204 fe i és 
0,400 0204 an 0,263 0,234 0,384 0,389 
0,500 0,210 0,173 0,308 Se me 
0,600 0/229 = 0.347 0,328 0, 585 0,583 
0,700 0,238 0,204 0) 394 cs ae 
0,800 0) 272 ais 0.466 0,450 0,782 0,780 
0,900 0,360 0,334 0,573 a 0,887 = 


* No is the mole fraction of component 2 in the solution phase. 
beg NP is the mole fraction of component 2 in the polymer phase. 
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Fig. 2. Swelling isotherms and equilibrium curves; 1 and 2) 
swelling isotherms at atmospheric pressure and 1 atmos excess 
pressure; 1" and 2°) equilibrium curves at atmospheric pressure 
and 1 atmos excess pressure for the system: vulcanized rubber — 
benzene- ethyl alcohol; 3 and 4) swelling isotherms at at- 
mospheric pressure and 1 atmos excess pressure for the system: 
vulcanized rubber — benzene — chloroform; 5 and 6) swelling 
isotherms at atmospheric pressure and 1 atmos excess pressure; 
5° and 6") equilibrium curves at atmospheric pressure and 1 
atmos excess pressure for the system: vulcanized rubber — 
benzene — n-butyl alcohol, 


shows that the change in the mole fraction of one component present in the polymer phase ( NP) under 1 atmos 


excess pressure is greater in the system vulcanized rubber — benzene (1) — ethyl alcohol (2) than in the system 
vulcanized rubber — benzene (1) — n-butyl alcohol (2), 


Consideration of these results leads to the conclusion that the nature of the distribution curves depends to 
a considerable extent on the affinity of the components of the binary solution for the polymer, The component 
whose cohesive energy density is closer to the cohesive energy density of the polymer is absorbed better. 
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From the thermodynamic standpoint, the change of solution composition in the polymer phase under the 
action of external pressure will be greater, the greater the difference between the free energies of formation of 
a mole of the real solution and a mole of an ideal solution. As this difference decreases, the selective nature 


of absorption and changes in the solution composition in the aaa phase with increase of pressure tend to 
zero, 


The decrease of the mole fraction of alcohol in the polymer phase with increase of pressure indicates 
that not all the alcohol molecules in Bae polymer phase solvate polar groups of the polymer, 


SUMMARY 


1. The shift of equilibrium under external pressure in vulcanized rubber — benzene — alcohol systems in- 
creases with increasing deviation of the properties of the binary solution of the low-molecular components from 
ideal behavior. 


2, The component of the ce mixture which has the lower affinity for the polaipes is pressed out pre- 
ferentially from the swollen polymer, 
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ELECTRON MICROSCOPE STUDIES OF COLLOIDS 


2, MINERALS OF THE MONTMORILLONITE GROUP 


M. I. Kuadzhe 


Institute of Petroleum, Academy of Sciences USSR, Moscow 


Many investigations, including [1-7], have been devoted to the application of electron microscopy to 
studies of natural formations and synthetic substances, This instrument was used by von Ardenne, Endell, and 
Hoffman [8] for studying fine bentonite and cement fractions,by Vikulova [5] for studying the mineral composi - 
tion of clays, by Bykov and Kuadzhe [7] for investigations of bleaching earths, and by Bykov, Luk*yanovich, and 
Radushkevich [9] for studying natural adsorbents from the Far East. Kuadzhe [10] used the electron microscope 
for systematic investigations of a number of natural formations (minerals, rocks, adsorbents, and catalysts), 


This paper contains certain electron micrographs* of fine fractions (< 1 mp) of various natural formations, 
mainly of the montmorillonite group, which have been assembled in order to elucidate the composition, structure, 
and sorptional and catalytic properties of these formations, Fig, 1-18, 23, and 24 represent colloidal minerals 
of the montmorillonite group, and Fig. 19-22 represent opal, quartz, opoka, and diatomite, 


Electron micrographs (Fig. 1-3) show that askangel, Askan clay, and gumbrin have close similarities both 
in composition and structure, and in properties. These substances consist of continuous masses of strongly swell- 
ing, extremely small and thin scales of montmorillonite with dark spots representing denser accumulations. In 
thinner specimens, a spongy mass can be detected, probably extended as the result of intramicellar swelling. 
Electron micrographs of samples of the same origin (Fig, 1 and 2) and of a sample of a different origin (Fig. 3) 
are very similar in appearance. However, it is found in practice that the swelling of askangel in water is several 
times as great as that of Askan clay or pink gumbrin. This has an appreciable influence both on the electron 
micrographs and on the adsorptional and catalytic properties of these clays when used in their natural state, After 
preliminary activation, their adsorption and catalytic properties are greatly improved owing to the removal of 
certain components (K, Na, Ca, Mg, and others), 

Electron micrographs of light gray gumbrin, acid-activated gumbrin, and Gumbri bentonite clay (Fig. 4-6) 
show that these substances are very similar. It may be noticed, however, that activated gumbrin (Fig. 5) differs 
somewhat in structure from the native substance (Fig. 4). Similar structures were found in montmorillonite clay, 
Sample No. 42, from Tiofonai Kito-Kosikho in Southern Sakhalin (Fig. 7), ash tuff, Sample V (suifunite) from 
Terekhov in the Primor'e region (Fig. 8), and montmorillonite clay from Listvennitsa in the Transcarpathian 
Ukrainian SSR (Fig. 9). 

Gilyabi montmorillonite clay from Khanlar in the Azerbaidzhan SSR (Fig. 10) differs hardly at all in com- 
position, structure, and properties from Gumbri bentonite clay (Fig. 6). 

Fig, 11 and 12 show montmorillonite clays from Nal'chik in the Kabardino-Balkar Autonomous SSR. Des- 


pite the fact that these clays were taken from the same source, they differ somewhat from each other in compo- 
sition, structure, and properties; this is associated with their genetic origins. Two types of Nal*chik clays, B 


* The author thanks V. M. Luk’yanovich, who took the electron micrographs (Fig, 1-13 and 17-22) in 1948, 
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Fig, 1-12, Electron micrographs: 1) askangel, x 8000; 2) Askan clay, X 8000; 3) 
pink gumbrin, X 8000; 4) light gray gumbrin, X 8000; 5) activated gumbrin, X 8000; 
6) bentonite clay, X 8000; 7) Tiofonai clay, X 17100; 8) suifunite, x 10000; 9) 
Listvennitsa clay, x 8000; 10) Gilyabi clay, X 8000; 11) nal’chikin B,X 8000; 12) 
nal*chikin C x 8000, 
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Fig, 13-24, Electron micrographs: 13) decomposed tuff No. 55, X 23200; 14) German 
bentonite from Geisenheim, X 75000; 15) American bentonite from Wyoming, X 75000; 
16) Californian bentonite, X 75000; 17) Gorbskii beidellite, x 8000; 18) beidellite No. 
37082, X 8000; 19) opal from Kos-Cheku, X 8000; 20) marshalite, x 12000; 21) dark 
gray opoka, X 20400; 22) diatomite with opoka, X 12100; 23) nontronite, x 22000; 24) 


nontronite, X 16000. 
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and C*, stand out sharply by their microfauna, Nal'chikinsamples type B, almost without exception, contain 
siliceous skeltons and shells, or skeletons and shells agglutinated from siliceous particles. This is also a Pate 
of nal’chikinD, except that in this case foraminifera predominate, whereas radiolaria are predominant in nal’- 
chikin type B. Nal*chikin type C, is characterized by the presence of both agglutinated and calcareous foramini- 
fera shells, The latter represent a considerable number of different species, but the former predominate in 
numbers of individuals, Nal'chikintype A has the same composition. 


In accordance with the alternation of these nal'chikin typesB and C, variations of the microfauna fluctuate 
between these two types. This alternation of B and C layers, more dense and less dense, is repeated 12 times. 
This is due to variations in the depth of the sea and periodic unfavorable living conditions (poisoning of the sea 
bed with HS) in the deeper layers, and rich development of plankton forms in upper layers [10]. 


Electron micrographs of nal'chikins B and C shown in Fig. 11 and 12, are very similar in Pp C AraC and 
differ: only in detail, Whereas in the coarser fractions of nal'chikin types A, C, B, and D, there is a multi- 
tude of microfauna, this is not found in fine fractions < lp. 


Fig, 13 is an electron micrograph of tuff (decomposed) No. 55 from Kiparisov, Primor'e region, which 
contains rounded and angular formations in the form of large scales, partly opaque and partly sernitransparent, 
with sharp spiny projections at the edges. 


The electron micrographs of German bentonite from Geisenheim and American bentonite from Wyoming 
(Fig. 14 and 15) clearly show individual scales which stand out at the boundary with the medium, One part of 
such a scale lies in a horizontal plane, such as the part in regions indicated by the arrow at b, At these points, 
the thickness of the scale can be determined by comparison with the known thickness of the collodion film, in 
the left-hand side of the photograph (Fig. 14). Since the optical conditions are the same, this thickness is of the 
order of 1 mu. At the point denoted by the letter a, where the plates are accidentally situated at right angles 
to the plane of the photograph and therefore appear as peaks, the thickness of the vertices is of the order of 
3 my. 


The electron micrographs show that despite the fact that the scales consist of montmorillonite crystals 
they have a maximum diameter of 100-300 my. The ratio of plate diameter to thickness may reach values 
of about 100-300:1 for montmorillonite, and 5-25:1 for kaolinite crystals (the latter according to [1])**. 


The points denoted in Fig. 14 by the letter a indicate that the distance between the scales is 15 mu. 
The visible accumulation of scales in this case resembles a macroscopic photograph of mica scales, The elec- 
tron micrograph in Fig. 14 has much resemblance to crystals of polyoxymethylene and molecular accumulations 
of cellulose photographed by Von Ardenne and Boiter [12]. 


Such thin mineral plates as those shown in Fig. 14 at the points b cannot be photographed on a collodion 
film, as they are thinner than the smallest particles of the supporting film, Such plates can be photographed 
only by the use of the preparation method described by Von Ardenne, in which films are not used. 


The scales of colloidal montmorillonite minerals are of the order of 1 mu, thick, At the same time, 
according to the observations of Hoffmann,Endell and Wilm [13] a monatomic montmorillonite layer, which 
represents an aluminum silicate plane, also has a thickness of 1 mu. Thus, a monomolecular crystal layer is 
shown for the first time in Fig, 14. 


The x-ray pattern of dried montmorillonite gel clearly shows (001) interference, Consequently, within 
the gel there must be a large number of monomolecular parallel layers which form crystal-like scales, An accu- 
mulation of not less than 20 monomolecular layers is required in order that (001) interference may be observed, 
The fact that the electron microscope reveals the positions of the monomolecular layers at the edges is quite 
consistent with the views of Maegdefrau and Hoffmann[14], according to whom the monomolecular layers in all . 
montmorillonite crystals, i,e., in the thicker colloid layers, cannot join and lie parallel with intervals between 


* Thenal'chikin samples showminor lithologic distinctions, corresponding to different varieties; A,B, C and D, 
**In addition, see Fig. 11, Despite the fact that greater thicknesses are given there, a thickness of 1 mp is 
highly probable, as the plates consist of the minimum number of layers, 
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them, As the result of swelling in water the distance between the monomolecular layers reaches 2 my. Thus, 
the crystal scales are held together by only very weak forces and it is therefore not surprising that separate layers 
consisting of monomolecular crystals are found at the edges. 


Californian bentonite (Fig. 16)* occupies an intermediate position between Geisenheim and Wyoming 
bentonites, 


Fig. 17 is an electron micrograph of beidellite from Gorbskii in the Transcarpathian Ukrainian SSR, and 
Fig. 18, represents beidellite clay No, 37082 from the Khalilova region of the Southern Urals. These clays have 
many features in common with minerals of the montmorillonite group. We classify them as beidellite on the 
basis of electron micrographs of fine fractions (diffuse particle outlines are characteristic of minerals of the 
montmorillonite group) and also because of the similarity of the heating curves and a number of characteristic 
lines in the x-ray diffraction patterns, Thus, these colloidal clay minerals from Gorbskii and the Khalilova 
region are intermediate between montmorillonite and hydromicas, and consists of the mineral beidellite, Some 
deviations from the beidellite formula RO, :R,O, = 3:1, fluctuations of water content, variations of the endother- 
mic and exothermic effects on thermograms, etc,, are caused by the presence of iron, magnesium. oxide, and 
other impurities in the samples. We consider beidellite in these clay samples to be a product of gradual modifi- 
cation of hydromicas, in accordance with the formation conditions, as the elec’ron micrographs clearly show. 
Beidellite, associated with deposits at greater depths, is more diffuse, In coastal deposits, hydromicas and low- 
swelling beidellite usually predominate [5], In the sample investigated by us, this mineral consists mainly of 
fine particles analogous in structure to fine particles of swelling beidellite, but thicker. In addition, it contains 
particles of irregular shape, in some instances with sharp outlines and sometimes with diffuse edges. 


Examination under the electron microscope of substances often found with montmorillonite clays, such as 
opal from Kos-Cheku of the Aktyubinsk province, clearly shows that the main mass of the opal is diffuse, gray in 
color, and strongly resembles montmorillonite. Opal is similar to quartz in color but differs sharply from it in 
form; it consists of isometric or angular opaque grains at regions of considerable accumulation of particles or of 
fine aggregates with tortuous and fairly sharp outlines (Fig. 19). 


Crystalline quartz sand is often met as an admixture in clays of the montmorillonite group. Fig. 20 shows 
quartz dust from Takubai in the Chelyabinsk province; it consists of transparent, translucent (thin), and totally 
opaque (thick) grains with sharp outlines of rounded isometric or irregular shape. The figure shows an extremely 
thin and relatively large particle with surface cracks; under it, in the lower part of the photograph, other particles 
smaller in size, rounded and angular in shape, may be seen, If a clay contains quartz in the form of angular 
grains, its particles are difficult to distinguish from particles of kaolinite, hydromica, and certain other miner- 
als, 


Fig. 21 is an electron micrograph of a fine opoka fraction with particles 1 » in size; it consists of an ex- 
tremely fine fibrous material strongly resembling cotton wool, especially at the particle edges. These fibers 
intertwine and form a patterned fringe. The sorptional and catalytic properties of opoka are mainly due to these 
structural characteristics, The heating curves of fine opoka fractions are very similar to those of montmorillonite. 
The x-ray patterns of fine opoka fractions also contain a number of characteristic montmorillonite lines. More- 
over, the chemical composition and physical properties of these opoka fractions indicate that they consist mainly 
of montmorillonite mineral, Opoka can be easily identified in presence of diatomites and other mineral sub- 
stances by means of the electron microscope. 


Fig. 22 shows a natural adsorbent,diatomite with opoka, from the Inza region in Kuibyshev province, The 
outlines of fossilized remains of organic formations are retained here, The diatomite can be seen at the thin 
regions and edges to be penetrated by fine pores, The inner surface of these pores comprises 200-300 m’*/ g. In 
the lower part of Fig. 22, one can see opoka of fibrous structure, espcially at the grain edges, It is very similar 
in structure to the opoka specimen above (Fig. 21). It should be noted that heating curves of diatomites differ 
appreciably from those of opokas, and constitute a special type of thermogram. It should also be pointed out that 
opokas, tripoli earths, and diatomites quite often occur together in nature, and are apparently interrelated 
paragenetically. However, detailed studies of these formations show that they differ appreciably from each other 


in composition, structure, genesis, and properties, 


* Photograph after Von Ardenne, Endell, and Hoffmann [8]. 
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Nontronite aggregates usually consist of elongated leaflike particles (Fig. 23)* , or include elongated 
fibrous crystals with parallel long faces in larger specimens (Fig. 24)**. Both sharp and diffuse outlines are 
met in nontronite platelets. 


SUMMARY 


1. The genetic types of montmorillonite clays differ in particle size and shape within the limits of the 
same mineral group; this is associated with the conditions of their formation, In particular, in minerals of the 
kaolinite-halloysite and montmorillonite groups, formed as the result of crystallization of alumina and silica 
gels in lakes, particles larger than 0.5 t predominate, while redeposited minerals of this group are more finely 


dispersed, 


2, Of the natural formations studied, the highest dispersity is found in strongly swelling minerals of the 
montmorillonite group formed by modification of volcanic ash, pumice, volcanic tuff, etc., in sea water, in an 
alkaline medium at a great depth. 


3, Kaolinite, halloysite, montmorillonite, beidellite, nontronite, attapulgite, sepiolite, palygorskite, 
psilomelane, chrysotile asbestos, pyrite, geothite, boehmite, diaspore, hydrargillite, illite, sericite, glauconite, 
opoka, tripoli, diatomites, etc., can be identified relatively easily in the electron microscope, The electron 
microscope can be used for observing changes in many of these substances, in particular, increases of the sorp- 
tional capacity by the action of acids and alkalies. 
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LIGNIN AS A REINFORCING AGENT FOR SKS-30 RUBBER 


Yueh Kurdubov,: A. Ps Pisarenko, S.- Il. Rubina and B. V. 
Shtarkh 


Scientific Research Institute of Film Materials and Artificial Leather, Moscow 


Lignin is a substance of high molecular weight, present in various amounts in all plant materials, which 
constitutes the major part of the incrustations in plant tissues. Lignin can be isolated from wood by a method 
based on hydrolysis of cellulose, when the lignin remains in undissolved form echnical hydrolytic lignin, which 
is an industrial by-product in the production of ethyl alcohol from wood, is usually obtained by hydrolysis of 
wood by dilute acid solutions. 


Rational utilization of hydrolytic lignin is hindered to a considerable extent because the structure of native 
lignin and of the product obtained in wood hydrolysis is not clearly understood, Hydrolytic lignin is a typical 
high polymer, and probably has a three-dimensional structure characteristic of highly condensed systems. 


Lignin has been shown in a number of investigations [1-5] to have a reinforcing effect when used as a con- 
stituent of rubber stocks. It has been found in practice, however, that technical hydrolytic lignin is not an active 
filler for rubber, as it is almost devoid of active functional groups. Various activation methods are available for 
conversion of hydrolytic lignin into an active form. 


Mechanical degradation and treatment of lignin by surface-active agents caused small increase in its 
reinforcing properties. A considerable reinforcement effect is obtained in rubber if lignin is used in solution form. 


Among the available methods for conversion of hydrolytic lignin, insoluble under normal conditions, into 
a soluble form, mention should be made of the chlorination method developed by N. N. Shorygina, and the 
alkaline method, also devised under the guidance of N. N. Shorygina and developed further by Sukhanovskii 


and Chudakov [6]. 


To activate lignin by chlorination, chlorine is passed into an aqueous suspension of lignin with vigorous 
stirring. The process may be effected either with or without catalysts. The solubility of chlorinated lignin in- 
creases with its chlorine content. Lignin either partially or completely soluble in alkalies may be obtained by 
variations of the conditions used for chlorination of hydrolytic lignin. The dissolution of technical hydrolytic 
lignin in alkalies is accelerated considerably if the hydrolytic lignin is previously ground. In view of this, we 
used equipment involving vibratory treatment for grinding of materials [7] in the present investigation. 


Investigations carried out by Morgulis [7] on the effectiveness of the dispersing action of mechanical forces 
on materials treated in vibratory mills have shown that impact, compressive, and shearing forces of various mag- 
nitudes act in different directions on all the particles of the material in all parts of the mill. The impact im- 
pulses are relatively small. However, the large number of grinding media per unit volume and the high vibration 
frequency (1500-3000 vibrations per minute) ensure rapid comminution of the material. Mechanical breakdown 
in alkaline activation of hydrolytic lignin considerably accelerates the solution process, and less caustic soda is 


required in such cases to dissolve the lignin. 


Different samples of technical and activated hydrolytic lignins were tested as filler for rubber mixes. 
Chlorine- or alkali-activated lignin solutions were added in the requisite amounts to butadiene — styrene rubber 
latex, with subsequent coprecipitation of the mixture and isolation of the rubber in the loaded state. 


Nonactivated powdered lignin was introduced directly into the rubber in a roller mill by the usual procedure 
of rubber production. Thesubber mixes were compounded in accordance with the standard formulation, with 60 


weight parts of filler to 100 of rubber. 
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Sw ec OT, 


Electron micrographs: Technical hydrolytic lignin: 1) not ground; 2) ground 
in a vibratory mill; 3) chlorine-activated; 4 and 5) alkali-activated; 6) 


channel gas black. 


Physicomechanical Characteristics of Vulcanizates Made with Different Lignins 


Tensile strength, kg/cm? Relative elongation, % 


Hydrolytic lignin 


Residual elongation, % 


Powdered, technical, not ground 340 41 
Powdered, technical, ground in 

vibratory mill 35 
Chlorine -activated 57 
Alkali-activated 14 
The same* 20 


*Lignin solution added to low-temperature polymerization latex (SKS-30A) in the proportion of 20 parts by 
weight to 100 parts of rubber. 


The results of physicomechanical tests on vulcanizates of SKS-30 rubber loaded with different lignins are 
given in the table. 


It is clear from the table that the strength characteristics of vulcanizates containing hydrolytic lignin, 
activated either by chlorine or by alkali, are considerably better than those of yulcanizates containing powdered 


technical lignin, either ground in the vibratory millornot ground. Especially high strength is found for vulcanizates 
made by addition of alkali-activated lignin to SKS-30A latex. 


It was of interest to examine the fine structure of different types of lignin and to attempt to correlate their 


reinforcing effect with their submicroscopic structure. This was done with the aid of the EM-3 electron micro- 
scope under magnification of x 7500. 


Unground hydrolytic technical lignin is a coarsely disperse system with particles 1-3 u and larger (Photo- 


gtaph 1); i.e., it is a macro- and not a microscopic system, since particles of this size can be easily seen with 
the aid of an ordinary optical microscope. 
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Grinding of hydrolytic technical lignin in a vibratory mill results in an appreciable decrease of particle 
size (Photograph 2), 


Electron micrographs of hydrolytic lignin treated with chlorine (Photograph 3) reveal diffuse edges, indi- 
cating the start of dissolution or dispersion of the particles, and véry fine particles can also be seen. 


Lignin of the highest degree of dispersion is obtained when technical hydrolytic lignin is activated by al- 
kaline treatment. Micrographs of such lignin samples (4 and 5) show only network structures formed by coagu- 
lation from lignin in alkali solution, These structures resemble the fine structure found with the use of the most 
active carbon blacks (Photograph 6), 


This fully explains the reinforcement effect observed in vulcanizates containing alkali-activated lignin. 


SUMMARY 
1. The properties of vulcanizates containing different types of lignin were studied. 


2. The greatest reinforcement effect was found in vulcanizates containing alkali-activated hydrolytic 
lignin. 


3. Electron microscope investigations of different lignin samples showed that alkali-activated lignin forms 
a network structure on coagulation; this structure resembles that of gas black, and is probably the cause of its 
reinforcing action. 
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CERTAIN EMULSIFIERS AS KINETIC FACTORS IN THE: OXIDATION 
OF CUMENE IN EMULSIONS 


R. V. Kucher, A. I. Yurzhenko and M. A. Kovbuz 


The University of L'vov 


The main products of low-temperature liquid-phase noncatalyzed oxi” <ion of hydrocarbons are hydro- 
peroxides, which are initiators of many chemical processes and valuable intermediates in the production of ace- 
tone, phenol, acetophenone, certain carboxylic acids, and other oxygen compounds [1]. 


However, as has been shown for isopropylbenzene (cumene), the yield of hydroperoxide in liquid-phase 
oxidation does not exceed 50% [2]. This relatively low yield of hydroperoxide may be the consequence, accord - 
ing to Ivanov [3],of formation of a number of products of extensive oxidation (acids, ketones, phenols, carbon 
dioxide). 


The rate of the oxidation reaction, considered as a chain process with degenerate branching [4] involving 
a free-radical stage, depends on the decomposition of the hydroperoxide (HP) formed. It is therefore important 
to initiate oxidation by decomposition of the products directly in the oxidation system. This course of the reac- 
tion is appreciably influenced by the reaction conditions. Thus, cumene hydroperoxide (CHP) decomposes very 
slowly in organic media, but its decomposition is accelerated considerably in presence of various catalysts (acids, 
salts of variable-valence metals) [5]. 


However, Emanuel’ and his associates have shown that the principal products of catalytic oxidation of 
hydrocarbons are acids, carbonyl compounds, alcohols, and esters, and only very small amounts of hydroperoxides 
are. formed [6]. 


The yields of HP may be increased by introduction of an alkaline aqueous phase into the oxidation mixture. 
The first experiments in this direction yielded fairly satisfactory results [7]. 


We showed earlier [8] that addition of 0.1 N soda solution to the oxidation system considerably increases 
the oxidation rate of cumene in comparison with the rate in a homogeneous liquid phase, and shortens the in- 
duction period. An interesting fact is that the yield of HP in emulsion oxidation does not stop at 50% but 


approaches 100%, 


It seems that the alkali reacts with inhibitors (phenols, acids) formed during oxidation, and eliminates their 
retarding effect. We have shown [9] that the hydroperoxide decomposes very rapidly in an aqueous phase; more~- 
over, its content in the aqueous phase is low, because of its limited solubility (1.4% at 20°), in comparison with 
its content in the oil phase, in which the solubility of HP is unlimited. Introduction of an emulsifier in emulsion 
oxidation increases the HP content of the aqueous phase because of solubilization. 


The above considerations are illustrated by the results of some of our experiments on the decomposition and 
solubilization of CHP in an aqueous medium (Table 1). 


According to our proposed topochemical scheme of hydrocarbon oxidation, the reaction develops in the 
aqueous phase. The hydroperoxide formed accumulates in the hydrocarbon phase, where its decomposition is 
slight. The role of the emulsifier is to transfer hydrocarbon and hydroperoxide into the aqueous phase by solu- 
bilization. Elucidation of this important function of emulsifiers in the oxidation process, and the wide potentialt- 
ties for their use in activating this process, require systematic studies of the influence of some of the best-known 


and widely-used emulsifiers, such as potassium palmitate, Nekal, etc. 
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TABLE 1 
Critical Micelle Concentrations of Emulsifiers, and Solubility and Decomposition Rate Constant of CHP in 
Aqueous Media 


| Critical micelle con4Solubility of CHP at 
centration 


Emulsifier content 
in aqueous phase, % 


Emulsifier K-10 at 98.5° 


Potassium palmitate 


Nekal 1.01 
Leukanol 1.83 
TABLE 2 


Effects of Potassium Palmitate, Nekal and Leukanol on the Accumulation Rate and Final Yield of CHP 


Emulsifier concentra- | Accumulation rate of Final yield of CHP, % 
CHP, % per hour 


Emulsifier 
tion, % 


80 
55 
72 
78 
74 
19 
15 
68 
15 
76 
74 
70 
69 


Without emulsifier 
Potassium palmitate 


Nekal 


Leukanol 


* Solubilization. 


The results of ar. investigation of the influence of emulsifiers on the oxidation of cumene are given below. 
The experimental techniques and methods for quantitative determination of CHP are given in the previous paper 


[9]. 


The experiments were performed at 90° at 1:4 ratio of hydrocarbon to aqueous phase. The aqueous phase 
always contained 0.1 g-equiv Na,CO, per liter. 


The oxidation kinetics of cumene in presence of potassium palmitate added as emulsifier to the aqueous phase 
is represented by the graphs in Fig. 1. 


Fig. 1 shows that the CHP accumulates at the highest rate when the potassium palmitate content is 0.5-1% 
(Curves 2, 3), Outside these limits of emulsifier concentration the accumulation of CHP slows down. After the 
hydroperoxide yield has reached 70-80% on the oxidized cumene, its content decreases sharply. It is interesting 
to note that at potassium palmitate concentrations of 0.1% (Curve 1) and 4% (Curve 5) CHP accumulates at equal 
rates after a short induction period with 4% of palmitate. However, the amount of hydroperoxide formed is con- 
siderably greater in the latter case (80%) than with 0.1% of potassium palmitate (55-60%). 


It follows from Fig. 1a, that in presence of 3 and 4% of potassium palmitate there is some retardation of the 
process at the initial stage. The rate of CHP formation is lower in absence of potassium palmitate than in its 
presence. 
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a 0 GO 60 80 tr 


Fig. 1. Kinetic curves for accu- 
mulation of CHP in presence of 
different concentrations of potas- 
sium palmitate: 1) 0.1%; 2) 0.5%; 
3) 1%; 4) 3%: 5) 4%; 6) in absence 
of potassium palmitate; initial 
portions of Curves 3, 4, and 5 are 
shown below. 


0 20 40 = =660-— «BO 


Fig. 3. Kinetic curves for accu- 
mulation of CHP in presence of 
Leukanol: 1) 2%; 2) 3%; 3) in 
absence of Leukanol. 


0 20 400-60 BO Nr 


Fig, 2. ™ inetic curves for accu- 
mulation of CHP in presence of 
Nekal: 1) 0.1%; 2) 0.5%} 3) 2%os 
4) 5%; 5) 5% of Nekal after pre- 
liminary saturation of the aqueous 
phase with cumene; 6) in absence 
of Nekal. 


A similar result is obtained with the use of Nekal 
(sodium dibutylnaphthalenesulfonate) as emulsifier (Fig. 2): 
additions of Nekal on the whole accelerate the oxidation pro- 
cess, but it is less effective than potassium palmitate. 


Nekal in 5% concentration has a retarding effect (Fig. 2, 
Curve 4). There is an induction period of approximately 15 
hours, after which the reaction develops and CHP accumulates 
at the rate of 1.7% per hour. This can probably be attributed 
to suppression of the decomposition of CHP by Nekal at high 
concentrations [9]. However, the presence of solubilized hy~ 
drocarbon in the aqueous phase, even in small quantities, tends 
to accelerate the oxidation reaction. The induction period 
corresponds to the time required for solubilization of cumene 
in the Nekal micelles. When the amount of hydrocarbon solu- 
bilized in the aqueous phase is sufficient for formation and de- 
composition of CHP to develop in the aqueous phase, the accu- 
mulation rate of CHP begins to increase. The hypothesis was 
confirmed by a special experiment (Fig. 2, Curve 5) on the 
accumulation of CHP in a similar system of 5% Nekal solution 
and cumene, in which the aqueous phase was previously shaken 
with a small amount of cumene for 12 hours at room tempera - 
ture in order to saturate it with the hydrocarbon. No hydro- 


peroxide was found after the shaking. If the oxidation is performed in a systettr containing previously -solubilized 
hydrocarbon, there is almost no induction period, while the equal slopes of Curves 5 and 6 indicate that CHP 


accumulates at equal rates in the two cases. 


Kinetic curves for accumulation of CHP in presence of Luekanol are given in Fig. 3. In this case (Curves 
1 and 2) the process is somewhat slower at the initial reaction period than it is in absence of emulsifier (Curve 
3), as in the system with 5% Nekal solution. Subsequently, the rates of CHP accumulation increase considerably 
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Fig. 4. Curves for the accumulation 
of CHP in the oil phase (1°, 2’, 3°), 
and total accumulation (1, 2, 3) in 
emulsion oxidation of cumene in 
presence of 2% of; 1) potassium 
palmitate; 2) Nekal; 3) Leukanol. 


Fig. 5. Curves for the accumulation of 
CHP in emulsion oxidation of cumene 
with addition of CPB; 1) at the start of 
the reaction, 0.1%; 2) the same, 0.01%; 
3) during the process, 0.1%; 4) the same, 
0.01%; 5) without emulsifier. 


and the maximum yields reach ~ 70% in both cases. These results show that the colloidochemical properties of 
the emulsifier (micelle formation, solubilization) have a significant influence on the oxidation rate. The 
emulsifier with the more pronounced colloidochemical properties (potassium palmitate), added even in low 
concentrations to the oxidation mixture, accelerates the process appreciably, assisting the reaction in the aqueous 
phase. 


The emulsifiers form the following sequence in order of their accelerating effect on the oxidation of 
cumene: potassium palmitate > Nekal > Leukanol (Table 1); this is largely determined by their solubilizing 
power. 


Kinetic curves representing the accumulation of CHP in the oil phase and in the oxidation system separate- 
ly (Fig. 4) confirm this conclusion. 


The crosshatched areas between the corresponding curves in Fig. 4 (1 and 1°, 2 and 2", 3 and 3°) represent 
the amount of hydroperioxide present in the aqueous phase during the oxidation process, This amount is greatest 
in presence of potassium palmitate because of solubilization of the hydroperioxide. In presence of an emulsifier 
an additional amount of hydroperioxide accumulates in the aqueous phase, and this, in turn, results in some in- 
crease of the total CHP yield. In presence of Nekal, and especially of Leukanol, the amount of CHP in the 
aqueous phase is less than in presence of potassium palmitate, Thus, the crosshatched areas increase with the use 
of more “active” emulsifiers, i.e., emulsifiers of higher solubilizing power. 


The general results obtained in a study of the effects of anion-active emulsifiers.on the emulsion oxidation 
of cumene are given in Table 2. 


It follows from Table 2, that, if the optimum oxidation conditions (e.g., 0.5-1% potassium palmitate) are 
chosen, very considerable yields of CHP can be obtained at a high rate; this is quite impossible under other 
conditions. 
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In addition to the anion-active emulsifiers, we studied the effects of a cation-active emulsifier, 
cetylpyridinium bromide (CPB). This emulsifier has a very specific effect on the oxidation of cumene in emul- 
sion. If added in the proportion of 0.1% or more relative to the aqueous phase at the start of the reaction, CHP 
inhibits accumulation of CHP almost completely (Curve 1, Fig. 5). After 80 hours of oxidation only traces of 
hydroperoxide are found in the system. The oil phase becomes yellow-brown in color and CO, is abundantly 
evolved. If 0.01% CPB is added, the process is again slower at first than in absence of emulsifier (Fig. 5, Curve 
2). However, after an induction of 15-20 hours, the reaction develops. 70 hours after the start of the reaction 
the maximum amount of hydroperoxide (72%) accumulates, after which it decomposes rapidly. Thus, in this 
instance the amount of CPB added is very significant. 


It is interesting to note that addition of 0.1% CPB 30 hours after the start of the process produces an un- 
expected and considerable stimulation of the reaction, An addition of 0.1% CPB is much more active than one- 
tenth of this amount (0.01%), and the CHP yield reaches almost 80% (Fig. 5). 


This effect of cetylpyridinium bromide is primarily associated with its influence on the decomposition of 
CHP. Separate experiments [10] showed that the thermal decomposition of cumene hydroperoxide in an aqueous 
medium is acclerated considerably in presence of CPB. Moreover, if it is introduced at the start of the reaction 
there is an increase in the yields of products of more extensive oxidation (CO,’. 


In accordance with E manuel’s views [11], the emulsion oxidation of cumene, analogously to the liquid- 
phase oxidation of hydrocarbons in a homogeneous medium, should be regarded as proceeding in several macro- 
scopic stages, among which the initial period of the reaction is of special significance. CPB influences the 
initial macroscopic stage of the process and suppresses subsequent accumulation of CHP. Partial interaction may 
also take place between the free radicals formed by thermal activation of the hydrocarbon molecules and CPB 
molecules. The reaction is then directed toward formation of products of deeper oxidation, and the peroxide 
yield is slight. However, if cetylpyridinium bromide is introduced into the reaction mixture when some CHP is 
already present in it, decomposition of hydroperoxide in the aqueous phase is accelerated, and the development 
of the reaction is stimulated. Thus, introduction of CPB into the reaction system at the instant when the first 
macroscopic reaction stage has been completed is very favorable for the subsequent process, 


Finally, it should be pointed out that cetylpyridinium bromide is a water-soluble emulsifier, and therefore, 
its significant influence on the oxidation kinetics of cumene in emulsion confirms once again our view that the 
aqueous phase is the principal location of the emulsion oxidation of hydrocarbons. 


SUMMARY 


1. The maximum rate of oxidation of cumene in emulsion, and the maximum yield of hydroperoxide, are 
obtained at potassium palmitate concentrations of 0.5-1%. 


2. Sulfonated emulsifiers (Nekal and Leukanol) also accelerate the accumulation of hydroperoxide, but 
the process has a certain induction period. The influence of Nekal and of other colloidal electrolytes is largely 
associated with changes in the decomposition rate of hydroperoxide in their presence. 


3, The influence of emulsifiers on the rate of emulsion oxidation of cumene depends considerably on their 
colloidal properties (micelle formation, solubilization). The induction period is shortened considerably after 
preliminary solubilization of the hydrocarbon in the aqueous phase. 


4, Cation-active cetylpyridinium bromide, added at the start of the reaction, sharply suppresses the accu- 
mulation of CHP. Introduction of this emulsifier at a later stage in the reaction stimulates the emulsion oxida- 


tion of cumene. 
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RELATIONSHIP BETWEEN THE STRUCTURE AND ADSORPTIONAL 
PROPERTIES OF SURFACE-ACTIVE SUBSTANCES 


S. M. Levi and O. K. Smirnov 


Scientific Research Institute for Motion Pictures and Photography 


Surface-active substances (SAS) are widely used in photographic che’ istry, especially for improving 
wetting when emulsions are applied to film base. The range of wetting agents used is restricted by the stringent 
requirements with regard to adsorptional and technological properties. These requirements include [1, 2]: a 
high rate of kinetic wetting, emulsifying or “anticomet® action [3], and low foaming power in gelatin solutions, 
Naturally, such emulsifiers must not have any detrimental effects on the photographic porperties of the emulsion 
layer. 


Despite the extensive uses of SAS, the relationship between their structure and adsorptional properties has 
been studied little. Dervichian and Lachampt [4] put forward some general considerations on the subject. 
Alexander and Posner [5] and Addison et al. [6] studied the effect of the length of the alkyl chain in a number 
of simple alcohols on their adsorption kinetics. We have studied the relationship between the structure, adsorp- 
tion, and technological properties of wetting agents. 


Test methods. When the emulsion is applied to the support, wetting takes place under kinetic, i.e., non- 
equilibrium conditions, with continuous formation of new emulsion — support and emulsion — air interfaces. At 
certain formation rates of these new interfaces wetting ceases [2, 7]. When a photographic emulsion is applied, 
the observed kinetic nonwetting is due to break of contact between the wetting liquid and the wetted support; 
the velocity at which this contact breaks down is defined as the critical velocity of kinetic wetting, Uc. It 
follows from the theory of kinetic wetting that breakdown of cohesive forces between the liquid and the support 
is determined by the magnitude of the kinetic potential difference at the interface, and by its kinetics, which 
depends on the kinetics of SAS adsorption. For maximum increase of Uc it is necessary that the adsorption of the 
wetting agent at the wetting solution — air interface should proceed at the maximum rate. A special apparatus 
[2, 7] was used for determination of the critical wetting velocity. In this apparatus the support with its emulsion 
layer moves at a certain gradually increasing velocity over the liquid in contact withit (Fig. 1); the instant is 
noted at which contact between the liquid and the support breaks down and wetting ceases (Fig. 2), A wetting 
agent is characterized by the critical wetting velocity at a wetting -agent concentration of 1.1074 M (U 49), and: 
the difference between the critical wetting velocities at concentrations of 4. 1074 and 1-104 M (AU) [2, 7]. 
Wetting agents may be tested either in aqueous sOlution, or in 2 or 3% gelatin solutions. 


The decrease of surface tension was detemined by the capillary method. Foaming power was characterized 
by the lifetime of 500 ml of foam formed when a current of air at 80 mm pressure was blown at 40° through a 
6% gelatin solution containing 1: 10-4 M of the wetting agent. The emulsifying (EE) and anticomet (AE) effects 
of wetting agents were determined by application, onto a moving support,.of a layer of photographic emulsion 
containing oil-water emulsion and wetting agent; the wetting agent was introduced in amounts of 0.5: 10-4 or 
1-1074 M; at one of these concentrations a uniform emulsion layer should be formed, without local comet-shaped 
faults known as “comets”. If comets are not eliminated, the wetting agent has no AE. 


Structure of the investigated surface-active substances. Several types of SAS were synthesized for the 


investigation — derivatives of alkylenesuccinic and alkylphosphonic acids, in which the composition of the polar 
groups and the structure of the hydrocarbon chain were systematically varied, The following compounds were 
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AA BEE 


Effect of Structure of SAS on Decrease of Surface Tension Ag (dynes/cm) of Aqueous 


and Gelatin Solutions 
aia fees aan te in, rot a ele ean ER 
Decrease of surface tension Ag byderivatives of alkylenesuccinic 
acids, dynes/cm 


Group aqueous solutions gelatin solutions 
Ca — Cio | Cr—Cio Crz2 — Cre Cs — Cro | Cr—Co | Cis — Cre 
NS in ee UE Fe Eee Nt Ee as a ee 
I b) -— 10 8 — 20 
II -- -- 26 — — 27 
Ila — 28—30 29 -- 28—30 30 
IIs 38 37—38 39 31 30—31 34 
IV 38—39 37—38 44 27—31 27—31 31—32 
Vv 38—41 _ — 30—31 — —_ 
VI 39—42 38—40 43 27—31 28—32 31—32 


Decrease of surface tension Ao by derivatives of alkyphosphonic acids 
in gelatin solutions, dynes/cm 


Group 
C, Cis C,—C,* | Cs — Cy Cio — Cis 
Vill 6 4A 4 12 20 
vil Hi) 44 13 18 32 
IX 20 4A 140—15 10—15 32—40 
X (m = 7) — — — 24 30 


*Compounds of Groups VIIla and VIIIb give A 6 of 18-19 dynes/cm. 
TABLE 2 


Effect of Structure of Derivatives of Alkylenesuccinic Acids on Kinetic Wetting (Uc, 
cm/second) 


Ce. fa Cro Cy = Cro Cis 5 Crs 


Group —— E 

he AU Ur AU Ute AU 
IV m=1 28 20 — — 26 ic 
IV m=3 35 20 48 32 30 45 
IV m=5 25 40 = os 32 45 
IV m=7 24 5 — — 34 48 
IV m=9 20 5 — — 40 20 
IIs 24 20 25 30 26 30 
Vv 20—25 5—10 ze pat = Ex 

VI 20—25 5—10 18 20 20—25 5—10 
I 46 6 — — 40 3 
Ila 45 22 — — 45 23 

TABLE 3 


C, Cis C. — Cy Cio sie Cis 
Group ATT te a 
Uio AU Uro AU Uio AU Uito AU 
a a Ri ee ee ed fee ee ee SN 
X 10 2 ui 3 27 20 
VII ‘ 20 7 Pal 7 a1 9 ot . 
IX m<20} 10 2 a 3 — — 19—25* | 8—10* 
Vill 8,5 1,5 10 2 10 2 10 2 


*For m > 20, Uy = 19-25 and AU = 10-12 cm/second. 


investigated: 1) disodium salts (Groups I and VII) acid esters of monohydric alcohols (Groups II and VIII); 3) 

acid esters of dihydric alcohols (Groups Ila and VIIa); 4) acid esters of trihydric alcohols (Groups IIb and VIIIb); 
5) acid polyglycerides (Groups III and IX) with different contents of glyceryl residues (m); 6) neutral polygly- 

- cerides (Group IV) with different contents of glyceryl residues; 7) certain esters of the polyglycerides of alkylene- 
succinic (Groups V and VI) and alkylphosphonic (Group X) acids. 


The structural formulas of these compounds are given below: 


‘ ; (V1) ONa 
(1). od: Ea CH COONa 
CH Pi 
CHLCOONAa n> ont+y O 


ONa 
VII, Villa & V 
(II, Wa & Ifp) ; We R = ethyl, butyl, 
ie — COOR ai wa 2-ethylhexyl, 
Gir, Gh GooR ton bo AG O ? glycol, diglycol 


OR 
(ID) C,,H,,_, CH COO [CH,CGHOHCH,0],,CH,CHOHCH,OH 


GH,COOK 
OK 
: He 
(IX) CoH miaPgP [CH,CHOHCH,O],, CH,.CHOHCH,OH 
‘0 
(IV) C,H,,_,CH COO [CH,CHOHGH,0],,CH,CHOHCH,OH 
CH,COO [CH,CHOHCH,0],, CH,CHOHCH,OH 
CH,COOK 


(V) GuHo, CH -COO [CH,CHOHCH,0], CH,CHOHCH,0OCCHC,H,,_, 
CH,-COO (CH,CHOHCH,0],,CH,CHOHCH,OH 
OK OK 
(Xx) CaHlge ys — 0 [CH,CHOHCH,O}, CH,CHOHCH,OP = 0 
CrHon44 
CH,COOK 
(VI) CH ott CH -COO [CH,CHOHCH,0}, CH,CHOHCH,Oocchic, Ho, 4 
CH,-COO [CH,CHOHCH,0],,CH,CHOHCH,OOCCHC,, |: me 
CH,COOK 


Alkylene groups were introduced into the wetting-agent molecules by condensation of olefins with maleic 
anhydride for synthesis of alkylenesuccinic acids [ 8, 9], or by oxidation of paraffins in presence of phosphorus 
trichloride [10-14]. The hydrocarbon radicals of the alkylenesuccinic acids were derived from polymerization 
products of propylene, butylene, and amylene,and reforming and cracking gases.some of which were used in the 
form of mixtures of isoctylenes and isononylenes (Cg-Cg) [15], nonylenes and decylenes (Cg-Cy9), dodecylenes 
and hexadecylenes (Cy2-Cyg), and octadecylene (Cjg). For the alkylphosphonic acids, n-heptane, n-octadecane, 
and mixtures of hydrocarbons of normal structure with chain lengths Cg-Cg, Cg-Cio, Cg-Cg, Cyo-Cyp (hydrogenated 
synthine fractions) were used. The SAS were made by saponification of the corresponding anhydrides (I and VII) 
[8, 9, 14], esterification (II, III, and VIII) [16], polyesterification with glycerol (IV and IX) (17, 18], and acyla- 
tion of the acid polyglycerides with the original acid anhydrides (V, VI, and X) [18, 19]. 


The results of the determinations are given in Tables 1-5 and Fig. 3. 


It follows from Table 4 that the length and structure of the hydrophobic hydrocarbon chains in SAS have 
a decisive influence on their emulsifying action. The best EE is found with substances from the group of 
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TABLE 4 


Effect of Structure on Emulsifying Properties of SAS 


Derivatives of alkylenesuccinic acids. 


Derivatives of 


alkylphosphonic acids 


Group Ce — Cro Co—Cio | Cie — Cro | Cis 2 C. — Co Cro — Cie 
roup (aaa Sn Sse ee 
concentration x 107, mmoles/liter famneles liter x10", 
5 | 10 | 5 | 10 | 5 | 10 | 5 | 10 5 | 10 | 5 | 10 
LW Wes) bated Pec bef t= [eet WE > fb yt] St + 
Wr} — | + oe ee ee VIII — | — 
Ila | — | — cc ee Villa ae | Re 
Ip | +] +] + [++] + [44+}/—] —] vile | —| —}| -—] - 
Wt | — | — AA fate (ae, | ta mee DON) gat a tae 
LT eae EC ca a at EX }re 20 "ieee =| eee 
Veo ae eae + {++ X — | — | + |++ 
VE [+El++14++14++) 44/44 


Note. ++ is complete emulsification; + is incomplete emulsification; — is absence of 


emulsifying properties. 


*Compounds of Group (VII) synthesized from individual hydrocarbons show maximum 


EE (++) with C, alkyl groups. 


* *Compounds of Group (IX) synthesized from individual hydrocarbons show maximum 


EE (++) with Cyg alkyl groups at m> 20, 


TABLE 5 


Effect of Structure of SAS on the Life of Foam Formed by 6% Gelatin Solution on Addition 
of 1.1074 Mole SAS per liter (Foam Life of Gelatin Solution Taken as 1) 


iAlkylenesuccinic acid 


derivatives 
Group 
Cs — Cro Cr2 — Cre | Cis 
I 0,4 12 — 
Ila — 4 41M 
IIB 20 30 — 
III 40 45 — 
II: 
R = CoH, 1,0 APT 0 
R = CyHy 1,5 0 
R = CgHy7 0 0 0 
20 30 — 
Vu VI 25 35 — 


Fig. 1. Wetting of support at 
rest, when U = O. 


! Alkylphosphonic acid derivatives 


Group 
Ce c= C, | Cs mag Cro | Cio es Cie 
VII 0,50 0,80 0,95 
Villa | 4,5—1,8 
VIIIs 0,60 


7,5 7,5 
IX |4,78—0,67**| 8—2,6** |20,0—3,0*** 


Fig. 2. Formation of an air 
zap, resulting in kinetic non- 
wetting atU +U,. 


U,, cm/sec a b 
$9 


c 10° moles/ml 


Fig. 3. Kinetic-wetting isotherms for Group VI wetting agents: 
a) in water; b) in 3% gelatin solution; 1) n = 12-16; n = 8-10; 
2) n =n’ = 12; 3) n =n" = 8-10; 4) octaglyceride of alkylene- 
succinic acid; n from 12 to 16. 


alkylenesuccinic acids containing from 10 to 16 carbon atoms in the molecule. On decrease of the length of 
the hydrocarbon chain in disodium salts (Group I) and polyglycerides (Group IV) of alkylenesuccinic acids from 
Cy2-Cig to Cg-Cy they lose their EE almost completely. On the other hand, increase of chain length to Cy, also 
results in decreases and even total loss of EE (acid esters of alkylenesuccinic acids, Groups II, Ila, and IIb). 


The presence of ionogenic groups in the molecules of SAS has a sighificant influence on their EE. Thus, 
nonionogenic SAS of Group IV with radical containing 8-9 carbon atoms have almost no EE, although they have 
good static and kinetic wetting properties. The introduction of one or two ionogenic groups (-COOK) into the 
molecules of alkylenesuccinic acid polyglycerides confers good emulsifying properties on them (Groups V and 
V1), regardless of the length of the hydrocarbon radical. Acid esters of polyglycerides (Group III) have higher 
EE than neutral esters (Group IV). 


The structure of the hydrophilic part of the molecules of SAS has a definite influence on EE, as is seen 
clearly in the case of acid esters (Groups II, Ia, IIb, VIII, VIIa, VIIIb). In polyglycerides of alkylenesuccinic 
acids (Group IV), in contrast to the corresponding derivatives of alkylphosphonic acids(Group IX) the length of 
the polyhydric alcohol chain has no appreciable effect on the EE. 


In the series of sodium salts of alkylphosphonicacids (Group VII) the best EE are found in compounds with 
alkyl chains containing from 7 to 9 carbon:atoms. Shortening or lengthening of the hydrocarbon chain results 
in loss of EE. Monoglycerides (Group VIIIb) and acid polyglycerides with Cyy-Cis alkyl chains (Group IX) and 
polyglycerides chains containing from 6 to 20 glycerol molecules, irrespectively of the length of the alkyl 
_chain, have no EE; if the glyceride chain is lengthened to above m = 20._ the polyglycerides acquire EE; poly- 
glycerides with alkyl chains up to Cig and glyceride chains with not less than 20 glycerol molecules have EE. 
Compounds formed by acylation of primary hydroxy] groups in polyglycerides by a second molecule of the same 
anhydride of an alkyiphosphonic acid with alkyl chains from Cg-Cg to Cy9-Cyy (compounds of Group X) have high 
BE. 


There is complete correlation between the foaming and emulsifying effects of SAS in gelatin solutions. 
Substances with small numbers of hydrophilic groups in their molecules (fewer than three hydroxyl groups) have 
weak EE, and sharply reduce and in some instances completely prevent foaming of gelatin solutions (compounds 
of Groups I, Ila, VII, and VIIIb). Conversely, substances with more developed and branched hydrocarbon chains, 
with high EE, increase foaming of gelatin solutions; for example; compounds of Groups IV, V, VI, and IX. 


The influence of the structure of SAS on foaming of gelatin solutions and emulsifications may be represen- 


ted by the following scheme: 
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Increase of foam-breaking action 
EM ct ava ak ea eames SHIN, es se he 


e— 
Acid esters of monohydric Disodium salts Acid esters of glycols Polygly - 
alcohols and glycerol cerides 


Increase of emulsifying action 
a Se ee ee es 


Within a given homologous series, the critical wetting velocity is determined by the molecular weight of 
the compound. Thus, increase of the number of glyceride groups in compounds of Group IV, for the Cy_-Cig 
range, and of Group IX, results in increases of U,. In compounds of Groups IV and VIII lengthening of the hydro- 
carbon chain also increases U,. On the one hand, in compounds of high molecular weight in Groups V, VI, IX, 
and X alteration of the chain length has almost no effect on the critical wetting velocity. The exceptions are 
polyglycerides of alkylenesuccinic acid (Group IV) with Cg-Cyy hydrocarbon radicals, for which Uj) has a maxi- 
mum value with 8 glyceride groups. On the other hand, the critical wetting velocity depends on a combination 
of polar groups and a hydrocarbon radical in the molecule of the wetting agent. Neutral polyglycerides of 
alkylenesuccinic acid (Groups IV) give higher critical velocities than their esters containing ionogenic groups 
(Groups IIb; V, and VI). Derivatives of alkylenesuccinic acid give higher values of U, than the analogous com- 
pounds of the alkylphosphonic series. 


Optimum values of U, are given!by compounds of Groups V and VI. Increase of the hydrocarbon chain 
length results in some increase of Uc. Monoesters of octaglycerides of alkylphosphonic acids (Group X) with 
Cg-Cg and Cy9-Cyg alkyl chains give higher U, than the corresponding derivatives of alkylenesuccinic acids 
(Group V). 


If the wetting agents are arranged in order of increasing U,, the following series are obtained: 


Alkylenesuccinic Acids: 
salts ++ polyglyceride esters -- esters of trihydric alcohols + polyglycerides — 
—> esters of mono- and dihydric alcohols 
Alkylphosphonic Acids: 
acid esters of glycerol + polyglycerides — salts + polyglyceride esters 
The lowering of surface tension produced by SAS increases with increase of alkyl chain length in approxi- 
mately the following sequence: 
Alkylenesuccinic Acids: 
salts + acid esters of alcohols + polyglycerides —. esters of polyglycerides 
Alkylphosphonic Acids; 
-acid esters of glycerol -+ salts -+ polyglycerides -» acid esters of mono- 
and dihydric alcohols -» polyglyceride esters 
SUMMARY 


1. The greatest emulsifying and foaming effects in gelatin solutions are produeed by alkylenesuccinic 
acid derivatives with Cy,-Cyg alkylene chains, in presence of ionogenic groups, and by alkylphosphonic acid 
polyglycerides with polyglyceride chains containing more than 20 glycerol molecules, 


2. The critical wetting velocity increases to a certain maximum, highest for polyglycerides, with increase 
of molecular weight within a given homologous series. 


3. The lowering of surface tension of aqueous and gelatin solutions of SAS increases with increase of the 
length of the alkyl radical. 
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In conclusion, it is our pleasant duty to offer our thanks to Corresponding Member (AN SSSR) B. V. 
Deryagin for much valuable advice, and to Academician P. A. Rebinder and Professor A. B. Taubman for reading 
the paper. 
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USE OF AQUEOUS SOLUTIONS OF POLYVINYL ALCOHOL FOR 
STABILIZATION OF HIGHLY CONCENTRATED EMULSIONS 


Boeolesbosev and M.A, Troyanskaya 


Institute of Combustible Minerals, Academy of Sciences, USSR, Moscow 


Highly concentrated emulsions are widely used in the production of sc).Jified motor fuels and other 
solidified organic liquids. The process of fuel solidification consists of the production of aihighly concentrated 
emulsion in which the disperse phase is the fuel to be hardened (gasoline, kerosene, etc.) and the dispersion 
meduim is an aqueous solution of polymeric emulsion stabilizers. 


In the technological process the highly concentrated emulsion so formed is treated with solutions of 
appropriate hardening agents and then molded into briquets. In the preparation of solidified fuels the phase ratio 
in the emulsions reaches values of Vqg:crp = 10:1 and over; i.e., the fuel constitutes 90% and over of the total 
volume of emulsion. 


The dispersion medium in such an emulsion is reduced to very thin adsorption layers separating the fuel 
droplets. The adsorption layers should form fairly strong coatings around the fuel droplets, with structuromechan- 
ical properties and capable of withstanding considerable deformations. Such coatings, which have been named 
surface or two-dimensional gels [1], can;protect the fuel droplets against coalescence under conditions of constant 
direct contact, such as are found in highly concentrated emulsions. 


The range of emulsifiers capable of stabilizing highly concentrated emulsions is fairly limited. Still 
smaller is the number of substances which can not form strong protective layers around the droplets in a highly 
concentrated emulsion, but can also be hardened by the action of suitable reagents so that the emulsion structure 
becomes fixed and the whole mass is transformed into the form of a solid. 


We studied polyvinyl alcohol solutions among the emulsion stabilizers used in the production of solidified 
fuels. Polyvinyl alcohol is made from polyvinyl acetate by alkaline or acid hydrolysis, and is a white powder 
readily soluble in water and insoluble in alcohol, benzene, and other organic solvents. Polyvinyl alcohol films 
have good resistance to oil and hydrocarbons. Polyvinyl alcohol can be converted into totally insoluble products 
by the action 6f a number of substances: dicarboxylic and polycarboxylic acids, strong alkalies [2], and dimethyl- 


olurea [3]. 
The reaction of acetal formation with formaldehyde can also be used for cross linking and for conversion 


of polyvinyl alcohol into an insoluble form after formation of a highly concentrated emulsion. Aqueous solutions 
of polyvinyl alcohol have a weak alkaline reaction. Determinations of the hydrogen ion concentration by means 
of the glass electrode give pH values of 7.1-7.2. 

The solubility of polyvinyl alcohol in water depends on {ts molecular weight and on the content of un~ 
saponified acetate groups. We used polyvinyl alcohol containing not more than 5% acetate groups for the pro- 
duction of solidified gasoline. 

Since the stability of an emulsion is determined by the structuromechanical properties of the protective 
adsorption layer, and, at the same time, by the mobility of the molecules or micelles of the adsorption layer 
[1], i.e., by the ability of this layer to recover its continuity, it is necessary to determine the most suitable 
viscosity and concentration of the emulsion stabilizer, which ensures its maximum emulsifying power and emul- 
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GABLE! 
Viscosities of Polyvinyl Alcohol Solutions Made by Acid and Alkaline Hydrolysis 


Viscosity of polyvinyl alcohol at 20°, centi- 


Viscosity of polyvinyl alcohol at 20°, centi- 


Concentra - 


Concentra - poises On oD poises 
tion, % 
acid hydrolysis | alkaline hydrolysis, acid hydrolysis alkaline hydrolysis 
M = 5900 M = 13600 M = 5000 M = 13600 
5 4.33 6.32 10 51.1 39.6 
6 6.33 15.0 11 105.0 69.0 
1 14.7 23.0 12 240.0 127.6 
8 15.8 35.0 13 = 159.6 
9 33.3 38.1 14 == 208.0 


TABLE 2 


Effect of Heating on the Viscosity of Solutions of Polyvinyl Alcohol of 
M = 5000 and M = 10000 


Molecular weight Viscosity of polyvinyl al- 
M of polvvinyl A cohol solutions, centipoises 
eet is Heating temp., C Solution concentration, % 
alcohol se eva ee 
5 7 10 
5000 20 3,3 13,7 bled 
40 2,8 10,7 45,0 
60 2 2,3 8,5 32,0 
Cooled again to 20 3,3 43,7 S44 
40000 20 3,8 1; Denes8ng 
40 adi 43,0 ~3t54 
60 2355) (40:6 +2338 
Cooled again to 20° 8,8... Utd 238.2 


sion stability. Polyvinyl alcohol solutions do not conform to the. viscosity law. Table 1 contains values obtained 
by different methods for the viscosity of polyvinyl alcohol solutions. 


The molecular weight (M) of polyvinyl alcohol was taken to be equal to the molecular weight of the 
polyvinyl acetate from which it was made, as it was assumed that the length of the molecule does not change 
during saponification of polyvinyl acetate. 


In our estimations of the emulsifying properties of polyvinyl alcohol solutions we adopted the volumetric 
measure of emulsifying power [1], which is the maximum volume of the hydrocarbon phase (gasoline) emulsified 
in a given volume of the aqueous emulsifier solution: Vmax = Vph/Vim- 


The emulsifying power of polyviny! alcohol solutions in the 3 to 10% concentration range is 4.5-5 for 
emulsification of gasoline. At solution concentrations above 10% and viscosities above 50 centipoises the emul- 
sifying power of the solutions decreases, We used 10% solutions of polyvinyl alcohol, with viscosities of 40-50 
centipoises, for preparation of solidified gasoline. Although the emulsifying power of more dilute solutions lies 
in the same range, they are unsuitable for use, as the excess water has an unfavorable effect on the quality of 
the briquets during drying. 


The 10% solutions of polyvinyl alcohol recommended for fuel solidification have relatively low surface 
tension. The surface tension was determined by means of the Rebinder apparatus, The surface tensions (in 
ergs/cm”) of 10% polyvinyl alcohol solutions have the following values for different interfaces: 
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Polyvinyl alcohol solution~.air 2.0.0... ee eee es Oa neaeg a BE press tenenere Weenie: 94 .. . 72.8 ergs/em? 
POlyvi py alcool solution isooctane... ofa ee ss cs phe kk eee aeeelbee pegareliseaias 48.8 "” 
Polyvinyl alcohol solution — B-70 MRSONINIG he 6 cele none cs RRM e eae eee aN aia ee Uke 2 BL Ei am 


The surface tension and viscosity generally decrease with increase of temperature; this has the ultimate 
effect of greatly facilitating and accelerating emulsion formation. However, it is not always possible to use 
increase of temperature for accelerating emulsification. Thus, in emulsification of butane, ethyl chloride, iso- 
octane, and other hydrocarbons with high vapor pressures it is desirable to lower the temperature rather than to 
raise it, because of the large evaporation losses. 


Emulsification in each individual case should be performed under definite temperature conditions which 
are the most suitable for the material. Gasoline is emulsified at 20°. The optimum emulsification temperature 
for kerosene and Diesel fuel is 40-50°. As Table 2 shows,, the viscosity of polyvinyl alcohol solutions falls on 
heating, and retains its original values on cooling. It follows that the colloidal particles do not break down on 
heating, as is the case with starch solutions and oxygen-containing rubber solutions. 


SUMMARY 


1. Polyvinyl alcohol can be used as a stabilizer for highly concentrated emulsions in the production of 
solidified motor fuels. 


2. A 10% aqueous solution of polyvinyl alcohol with viscosity of 40-50 centipoises and emulsifying power 
of 5 is recommended for emulsification. 


3. Solutions of polyvinyl alcohol can be used in mixtures with other water-soluble stabilizers for improving 
the elasticity and gasoline resistance of films which form the multicellular structure in solidified fuel briquets. 
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DEVELOPMENT OF CRYSTALLIZATION CENTERS IN A SUPERCOOLED 
ORGANIC LIQUID 


G. L. Mikhnevich 


Chair of Molecular Physics, University of Odessa 


Development of crystallization centers which form during the latent p <iod is a necessary procedure in 
determinations of the effect of temperature on the probability of nucleation in substances which crystallize very 
slowly (piperine, betol, etc.). 


We denote by r,the temperature at which a preparation containing a drop of a melt is held for a time 
of r, minutes and at which crystallization centers should be formed (this is the “exposure* temperature, in 
Tammann’s terminology). At the end of the time interval re the crystals remain invisible under the. microscope. 
Their growth must be accelerated to make them visible and to allow them to be counted. The preparation is 
therefore warmed rapidly and held for 7_ minutes at a temperature t°, at which the probability of formation of 
new crystallization centers is negligibly small, and the growth rate is high, This warming process, introduced 
by Tammann and used by others in all subsequent investigations, has been given the name of development [1-4]. 
Tammann assumed that crystallization centers merely increase in size during development. It has been found, 
however, that the necessary condition — constancy of the number of centers formed at the exposure temperature — 
is not fulfilled: development reduces this number to an increasing extent with increase of the development 
temperature. As the result of development, the nucleation probability — temperature curve undergoes considerable 
distortion: the ordinates of the curve are lowered sharply, to an increasing extent,the lower the exposure tem- 
perature. As a result, the maximum on the curve is shifted in the direction of smaller supercooling [5]. 


In this paper, we present an interpretation of earlier results obtained in studies of development [5, 6], 
based on the theory of formation of crystallization centers on impurity particles which was put forward in the 
preceding paper [7]. It is assumed in this theory that nucleation is not spontaneous, but occurs on particles. of 
active impurities. The surface of such a particle is covered by a crystalline layer of the substance in question 
or of a substance of allied structure. This crystalline layer is present on the particle even before supercooling, 
as its destruction by fusion requires a higher temperature than the usual phase-transition temperature [8]. In 
some cases the crystalline layer may cover the surface, and in others it may lie deep in cracks or scratches if 
these are present on the particle surface. The growth of such a “nucleus” consists of the formation of successive 
crystalline layers, but the growth mechanism depends on the particle size relative to the critical size to given 


by Formula (1) 


2MT oo 
Cle q:p-AT’ (1) 
where M is the molecular weight; To is the melting point; g is the interfacial energy; q is the heat of fusion; 
p is the density of the crystal nucleus; AT = T, —T, is the supercooling. 


At sufficiently low temperatures such “nuclei,” containing foreign bodies, if larger than the critical size, 
are "ready” crystallization centers and grow steadily to reach a size visible under the microscope. In contrast, 
to this, if the temperature is so high that the critical size is greater than the initial size of the “nuclei’, their 
conversion into crystallization centers can occur only as the result of fluctuations. 


313 


‘Whereas in the former case (r> Ic) the number of . 


10 log (An/2) 
centers observed under the microscope in the course of 


n 10 q . 
time is completely determined by the size-distribution 
00 Bae function vw (r) of the nuclei, in the latter case only a part 
3 a of the active particles present in the melt can reach the 


critical size tg. This conversion of particle impurities 
occurs as the result of fluctuations. The gradual con- 
ee sumption of such "nuclei" and their conversion into 
5Or é crystallization centers in the course of time is represen- 
ted by an equation of the first-order reaction type 


0 2040 60 801 


B= nl erty (2) 


EEL REE ER Ce Denne ‘ 
0 20 40 60 80 109 min On the other hand, calculation shows that the same 
number n represents the integral number of crystallization 


Fig. 1. Variations of the number of ; 
8 48 centers formed at time t, by the formula 


crystallization grains in piperine with 
time: t 40°, without devel ts 7 

ime: l)a without deve opmen ; a geniien © (ry) (3) 
2 and 3) after 24 and 48 hours at 15°; n=const-e © \ e dr, 

above — Curves 2 and 3 in semilogarith- 
mic coordinates. — 


(1) 


where 7 t)is the radius of a nucleus at time t; r,, is the 
largest “nucleus” at the initial instant; .c is the rate of 
Le Be fluctuational growth, and the parameter 6 is defined by 


10 the equation 
dnc 
5 an 
ah It was shown that the relationship between the 
P number of crystallization centers and their conversion 
5 uy a ue i temperature t° is mainly determined by the factor 


(-8 ra). 
Fig. 2. Logarithm of the number of 
crystallization grains in betol as a 
function of the work of conversion of 

the impurity into crystallization centers 
at different development temperatures 

t,: 1) at exposure temperature ty = 10.7°5 


9) at t, - 6,4", er 5 
e — c (5) 


Thus, for a definite time instant t, or for a definite 
exposure time t,, the dependence of the number of 
visible crystallization grains n on the temperature is 
given by the expression a 


or, by Equation (1) 
Ko 
~ (AT)# (6) 
n= hye : 


Shir 


r —rm) 
where AT = T, —T is the degree of supercooling, while k, = const Vo? 4 ™ dr and ky = p (ey 


qP 


depend little on the temperature and may be regarded as constant. 


We now consider the process of development of crystallization centers. In the light of the above theory 
we assume that conversion of “nuclei” into crystallization centers, i.e., their growth to the critical size corre- 
sponding to the development temperature t° , occurs only in the course of development and not at the exposure 
temperature, This conversion must always take place by fluctuations, as the development temperature used is 
always higher than the exposure temperature. 
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This assumption is confirmed by kinetic experiments [6]. A kinetic curve was first plotted for piperine 
without development at +40° (Curve 1, Fig. 1). The sample was then remelted and held at room temperature 
(15°) for t, days. This time was initially 24 hours, considerably less than the total time required for conversion 
of all the "nuclei," which was usually 15-30 days. During the time the melt was kept at this temperature, the 
nuclei of size t> I, increased in size by Ar = CT where c, is their steady growth rate. Their initial distribu- 
tion, characterized by the function y (r), retained its original form, so that after the time interval 7, ithe distri- 
bution function was represented by the expression y (r + Cy Tc). Immediately after this, the sample was placed 
in an air stream maintained at +40°, and the observations were continued; it was found that n increased further. 
This increase ceased when a new limiting value me 60) was reached. Curve 2 in Fig. 1 represents the 
second stage in the development of the "nuclei" which grew during time t, and approached the critical size 
corresponding to the "development* temperature ty = 40°, i.e. 

ee ce a 
oon (1 a Ly (7) 


Curve 3 in Fig. 1 refers to longer exposure at t, of 48 hours: it is evident that during the additional time 
(after the first exposure) new “nuclei® approached sufficiently in size to (tg)pi this gave a larger limiting value 
of Ngo = 105°. To confirm that at the development temperature at 40° the conversion took place as the result 
as the result of fluctuations, the applicability of the first-order equation (2) was tested, i.e., the relationship be- 
tween log (Ng) — n) and time t was determined. The graph at the top of Fig. 1 shows that this relationship, 
corresponding to Curves 1 and 2 respectively, is linear. : 


We now turn to the interpretation of earlier experiments on the development process [5]. These experiments 
were performed with betol, and involved determinations of the number of crystallization centers in relation to 
the development temperature tp: Each sample was held each time at the same exposure temperature te for 
Te = 2 minutes, and then warmed rapidly to temperature t’p during time 7, ~ 40 seconds. The temperature 
variations were recorded by the readings of a sensitive indicating galvanometer in the thermocouple circuit. The 
thermocouple was immersed in a control sample of the same size as the test sample. Both samples were subjected 
simultaneously to the same temperature variations. These experiments yielded the empirical relationship [5]: 
the number of crystallization centers decreases exponentially with increaseof the temperature difference (t-te) 


Experiments were performed at low and high exposure temperatures, on each side of the maximum of the 
temperature curve. 


It was assumed that at the development temperature nuclei are converted into crystallization centers, 
whereas during exposure at temperature t°e only “formation” of the distribution function takes place. In a sub- 
sequent paper it will be shown that at temperatures above the maximum on the Tammann curve the nuclei are 
converted into crystallization centers as the result of fluctuations, whereas at temperatures below this maximum, 
they merely increase in size. It follows that in the former case development is accompanied by a second con- 
version of nuclei into crystallization centers of greater critical size. 


Since in both cases the process has a fluctuation mechanism at the development temperature tp, it should 
conform to the kinetic law (2). Since we are not concerned with the complete kinetic curves, but only with the 
temperature variations of the number n of visible crystallization grains, we may apply Equation (6), where 
7s SS Wa To 

In Fig. 2, the abscissa axis represents quantities proportional to ([). pes, 10'/CE, iy se and the ordinate 
axis shows log n, where n is the number of grains corresponding to different temperatures t°.. These temperatures 
are also marked along the abscissa axis. The lower graph corresponds to a high exposure temperature, 10.7°, and 


the upper to a low temperature te = 6.4°. 


Both cases give a good fit with Equation (6), but the experimental points yield not one straight line, but 
two, intersecting at an obtuse angle. Let us assume that the melt contains two types of impurity particles: in 
the first type the entire surface is coated with a crystalline layer, and in the second the crystalline material lies 
in deep cracks or scratches. Growth is much more rapid in the former than the latter, and therefore, particles 
of the second type are detected only at a sufficiently high development temperature [8]. The first portion of the 
broken line corresponds to particles of the first type, and the rest, of smaller slope, corresponds to the second 


type.. 
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SUMMARY 


1, After preliminary lengthy exposure of a sample at a lower constant temperature,a kinetic curve is ob- 
tained which conforms to an equation of the first-order reaction type. This confirms our earlier hypothesis [7] 
that crystallization centers consist of particles of active impurities covered by a crystalline layer of the substance. 


2, The dependence of the logarithm of the number of crystallization centers on the temperature is a linear 
function of the work of conversion of an impurity particle into a crystallization center at the development tem- 
perature ; 


log f= ky — (To = Te . 


3. The linear plot of this function consists of two intersecting portions. The portion corresponding to high 
development temperatures represents formation of centers in micropores, where the conversion is slower than at 
lower temperatures, at which the mechanism indicated in Paragraph 1 operates. 
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THE SPECIFIC SURFACE OF CELLULOSE 


K. P. Mishchenko, S. L. Talmud and V. I. Yakimova 


The Leningrad Technological Institute of the Cellulose and Paper Industry 
Chair of Physical and Colloid Chemistry 


A knowledge of the specific surface of cellulose is of great practical importance in relation to studies of 
the main technological processes in the pulp and paper industry, 


Cellulose fibers are porous systems in which there are numerous free air-filled spaces between the cells, 
within the cell walls, and between the individual macromolecules. Most of the existing methods for determina- . 
tion of the specific surface of cellulose are based on the ability of cellulose to adsorb various substances. Iso- 
therms for the adsorption of water vapor by cellulose at various temperatures have been investigated in detail by 
many workers [1-4]. All their results confirm that the adsorption isotherm is S-shaped and reveal the existence 
of a hysteresis effect in desorption. A detailed interpretation of the isotherms of adsorption of water vapor by 
cellulose has been published [1]. 


Many authors [5-10] consider that it is necessary to distinguish between the surfaces of fibrous materials 
in the dry and swollen states. By Kiselev's classification [11, 12], cellulose is included with the adsorbents which 
change their structure in the course of adsorption, especially in the adsorption of substances which swell cellulose 
fibers (water vapor). Therefore, values of specific surface determined for cellulose in the dry state cannot be 
identified with values found for fibers in the swollen state. Accordingly, all methods for determinations of the 
specific surface of cellulose can be divided into two types: determination of specific surface in the dry state 
(adsorption of nitrogen, argon, spectroscopic methods) and in the swollen state (adsorption of water vapor, adsorp- 
tion of various substances from aqueous solutions, the ion-exchange method). 


Assaff, Haass, and Purves [1], who studied the effects of swelling and drying on the specific surface of 
cellulose, noted that adsorption of 6-9% moisture increases the surface of strongly swelled cellulose by 70%, while 
in the case of unswollen cellulose the initial surface is increased 30-fold. They found that the surface of moist 
swollen cellulose is decreased by 98% as the result of drying. 


Clark [13] proposed a method for determination of the specific surface of cellulose by deposition of metallic 
silver on the fiber surface. 


Harris and Purves [14] determined the specific surface of cellulose by treatment with thallium ethylate in 
ether. It must be noted that their paper contains no data on the characteristics of the cellulose used, or on the 


method by which it was prepared. 


Vickerstaff [15] studied the adsorption of phenol on fibrous materials and found a value of 350 m?/g for 
the specific surface of cellulose. He assumed that phenol is adsorbed at ester groups, and therefore, each glucose 
residue can interact with either one or two phenol molecules, dependent on whether one or both acetyl groups 
are outside the micelle surface. On the assumption that both groups are available for interaction with phenol, 
he calculated the specific surface of cellulose from the adsorption curve. 


Assaff, Haass and Purves [1] studied high-quality defatted linters; they obtained an S-shaped isotherm for 
adsorption of nitrogen vapor, and used the Brunauer, Emmett, and Teller (BET) method tocalculate the specific 
surface, which is 34.8 m*/g accordingto their data. They recommend this as a “standard” method for determination 
of the specific surface of cellulose. (In calculations of the surface the area occupied by one nitrogen molecule 


was assumed to be 17 A’). 
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TABLE 1 


Experimental and Calculated Data on the Adsorption of Nitrogen Vapor by Standard 
Cotton Cellulose and Bleached Sulfite RB Pulp 


7 P/P, 

Pike a (1— P/P, )a 
poten Cotton RB pul Cotton lap ulp 
cellulose Be pulp cellulose ree, cellilose P 

Adsorption 
0,072 0,095 0,039 0,010 1,964 10,362 
0,134 0,420 0,066 0,011 2,286 42,234 
0,159 0,144 0,079 0,012 2,394 14,003 
0,229 0,167 0,143 0,014 2,625 15,760 
0,290 0,344 | 0,144 0,026 2,824 20, 455 
| Desorption 
0,246 0,290 0,127 0,021 2,002 18,774 
0,193 0,224 0,089 0,017 2,442 16,304. 


Note. P/P, is the pressure ratio; a is the amount of nitrogen adsorbed, in micromoles; 
P/Ps 


(= P/Pja' is the factor in the BET equation. 
A s 


TABLE 2 


Characteristics of the Cellulose Samples* 


Cellulose Moisture, % 


Bleached sulfite, viscose 


Bleached sulfite 7.8 
Unbleached sulfite 7.4 
Bleached sulfate 8.7 
Unbleached sulfate 7.6 


*The characteristics of standard cotton cellulose and of bleached sulfite 
RB pulp are given earlier in this paper. 


Stamm [5] determined the specific surface of cellulose from the heat of wetting; he noted that in the 
equation 


(where o is the surface tension of the liquid; T is the absolute temperature; H is the heat of wetting; A is the 
adhesion pressure) the value of o = A. 


Yur'ev and his associates [16] developed a method for determination of the specific surface of cellulose, 
based on the ion-exchange capacity of fibrous materials, and showed that the exchange capacity of all types of 
cellulose depends on the pH of the medium and the concentration of the exchanged cation. 


Yur’ev used the linear relationship between the amount of cations adsorbed and the solution pH to calculate 
the specific surface of cellulose by means of the formula: 
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F2 
2,303-CRT ’ 
where S is the specific surface of the adsorbent; b is the slope of the straight line; F is the Faraday constant; 
C is the specific capacity of the electric double layer; R is the gas constant; T is the absolute temperature. By 


substituting the numerical values of the constants, Yur‘ev et al. [16] found a very simple expression for calcu- 
lation of the specific surface at 15° S = 85.10‘b, em?/g. 


TABLE 3 


Experimental and Calculated Data for Different Celluloses, Determined by the Ion- Ex- 
change Method 


Amount of Catt adsorbed, meq/100 g of bone-dry cellulose 


Slope factor 


cotton sulfite pulp sulfate pulp 
oe cellulose 
bleached,bleached,) yn. [bleached yp- 

[viscose bleached | 11 siblesched bleached 
2,09 0,385 1,295 0,883 7,502 2,634 1,744 | 3,094 
3,68 0,674 2,513 2,894 8,652 4,582 3,127 | 4,553 
4,15 0,717 2,875 | 3,286 9,664 6,324 4,745 | 4,938 
5,52 0,822 3,849 5,043 5,013 | 44,374 7,518 | 6,289 
| 0,197 | 0,753 1,168 4,320 1,732 | 1,973 | 0,926 


eee 46,74 | 64,00 | 99,28 | 442,2 | 145,6 | 467,8 78,2 
m*/g 


The purpose of the present investigation was to select the most reliable methods for determination of the 
specific surfaces of cellulose in the dry and swollen states, to test and compare existing methods experimentally, 
and to determine the most probable values for the specific surface of standard cotton cellulose and technical 
wood pulps made by different methods. 


The specific surface of cellulose in the dry state was determined by the standard method of adsorption of 
nitrogen vapor at the boiling point of nitrogen (—195.7°) [17]. 


The experiments were performed at the boiling point of liquid nitrogen, when adsorption is purely physical 
in character. The nitrogen pressure did not rise above 1 atmosphere. 


The ampoules were calibrated with nitrogen at room temperature. 


The specific surface of two types of cellulose was determined: standard cotton cellulose and technical 
bleached sulfite wood pulp, RB grade. 


Standard cotton cellulose was prepared by treatment of technical cotton with rosin soap, with subsequent 
bleaching by freshly prepared sodium hypochlorite solution and extraction with ether and acetone [18]. The 
cellulose so obtained had the following composition: a -cellulose, 99.8%; ash, 0.04%; moisture, 7.64%. Tech- 
nical bleached sulfite RB pulp had the composition: a-cellulose, 94%; ash, 0.042%; moisture, 6.4%. 


Table 1 contains the results of determination of the adsorption of nitrogen vapor by standard cotton cellu- 
lose and bleached sulfite RB pulp. 


Fig. 1 shows experimental isotherms for adsorption of nitrogen vapor per g of bone-dry fiber. In Fig. 2, 
the adsorption isotherms are plotted in the coordinates of the BET equation. The specific surface of cellulose 
was calculated from the expression 
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S=N-0-am, 


2 fs 
where N is the Avogadro number; w is the area occupied by one nitrogen molecule, equal to 16.2 A“; ayn is the 
number of nitrogen moles in a monolayer, calculated from the formula ag, 3 1/(a + b)s a is the intercept cut off 
by the isotherm along the ordinate axis; b is the slope of the line. 


Our value of thespecific surface of standard cotton cellulose is 18.94 m’*/g, and for the specific surface 
of bleached sulfite RB pulp, 2.23 m?/g. The result. for standard cotton cellulose is of the same order as the values 
found previously [1, 7] by adsorption of nitrogen vapor at the boiling point. Technical pulps had not been 
previously investigated by this method. 


In our opinion the most reliable method for determination of the specific surface of cellulose in the swollen 
state is Yur’ev's ion-exchange method [16]. The results obtained by this method are in good agreement with 
published values of the specific surface of sulfite pulp determined by other methods. For example, ae and 
Millett [5, 8] determined the specitic surface of sulfite cellulose from the adsorption of water (270 m /g) and 
from the heat of swelling (180 m?/g). 


Yur'ev found the following values for the specific surface of different celluloses: cotton wool, 28.2 m?/g3 
bleached sulfite viscose pulp, 129 m*/g; unbleached sulfite pulp, 226 m?/g; bleached sulfate pulp, 151 m’/g. 
We used Yur'’ev's ion-exchange method [16] to study the following cellulose: standard cotton, sulfite viscose, 
sulfite bleached RB, sulfite bleached, sulfite unbleached, sulfate bleached, sulfate unbleached. All the samples 
were treated before the experiments by threefold extraction with 0.1 N HC] solution to remove ash, and dried to 
the air-dry state (Table 2). 


All the samples were kept in closely stoppered jars after demineralization, 
Table 3 contains the measured and calculated values of the specific surface of the cellulose samples. 


The values of the slope factor b necessary for calculation of the specific surface from the formula 
S = 85-10*b were obtained from the graphs in Fig. 3. 


It follows from Table 3 that the values found for the specific surface of cellulose are of the same order as 
V. I. Yur’ev’s values. 


Of the methods considered above for determination of the specific surface of cellulose the most reliable, 
in our opinion, are the “standard” method of adsorption of nitrogen vapor, and Yur’ev’s ion-exchange method 
[16]. 


Methods for determination of specific surface based on chemical reactions of the functional groups in 
cellulose [11, 12, 13] are of great interest, but the results obtained with them differ sharply from the results given 
by other methods; moreover, they are in sharp contradiction to many facts which indicate the high value of the 
specific surface of cellulose. For example, the specific surface of cellulose determined by the silver deposition 
method [13] is in the range of 0.64 to 1.8 m?/g, The method based on the interaction of phenol with ester groups 
in cellulose [15], on the other hand, gives very high values for the specific surface (350 m’”/g). 


By our determination, the specific surface of standard cotton cellulose is 18.94 m?*/g by the adsorption of 
nitrogen vapor and 16.74 m?/g; i.e., the values obtained for the specific surface by two essentially different 
methods are in good agreement. 


We conclude from this that the widely held view concerning the large difference between the values of 
the specific surface of cellulose in the dry and swollen states is incorrect in respect of native cellulose fibers. 


Our viewpoint is fully consistent with the opinion of Nikitin [19], who considers that native fibers have a 
more ordered structure and closer packing of the chain molecules, and therefore, the water molecule dipoles 
cannot penetrate into the oriented regions. 


The values obtained by different methods for the specific surface of wood celluloses differ sharply from 
our value for the specific surface of standard cotton cellulose. 


Evidently, in the sulfite and sulfate cooking processes the bleaching and purification of cellulose is ac- 
companied by intensive breakdown of the original fiber structure, loosening and disorientation, which influences 
the physicochemical properties and reactivity of the fibrous materials. When cellulose with a partially broken- 
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Fig. 1. Isotherms for adsorption of 
nitrogen vapor at the boiling point 
by cellulose samples: 1) standard 
cotton cellulose; 2) bleached sulfite 
RB pulp. 
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Fig. 2. Isotherms for adsorption of 
nitrogen vapor at the boiling point, 
in BET coordinates: 1) standard 
cotton cellulose; 2) bleached sulfite 
RB pulp. 


r, meq/100 g bone-dry cell. 


Fig. 3. Variation of the ion-exchange 
capacity (T, meq/100 g of bone-dry 
cellulose) with pH of 0.1 CaCl, solu- 
tion, for different celluloses: 1, 2) 
bleached sulfite RB pulp; 3,4) bleached 
sulfite, viscose; 5) unbleached sulfite 

I and.II; 6) bleached sulfate; 7) un- 
bleached sulfate. 


down structure is dried, its density increases and porosity 
decreases; according to our data, the specific surface of 
bleached sulfite cellulose, determined by adsorption of 
nitrogen vapor, is 2.23 m?/g. 


When wood cellulose with partially broken-down 
structure swells, the internal active surface becomes con- 
siderably larger than in the native fibers, 


The specific surface of technical wood pulps, deter - 
mined by the ion-exchange method, varies between 100 
and 200 m*/g. The specific surface depends on the process 
and actual conditions used for the production of cellulose. 
Our data are in good agreement with Yur'ev's determina - 
tions. 


Thus, the differences between the values of the 
specific surface of wood pulps determined in the dry state 
by adsorption of nitrogen vapor and in the swollen state 
by the ion-exchange method are caused not by swelling 
but by differences bewteen the internal structure of wood 
pulp and that of the native fibers. 


SUMMARY 


1. Different methods for determination of the specific 
surface of cellulose were compared; the “standard” method 
of adsorption of nitrogen vapor and the ion-exchange 
method were found to be the most reliable. 


2. The specific surface of standard cotton cellulose 
as determined by these methods is 16-19 m’/g. The results 
obtained by the two methods are in good agreement. 


3. Swelling in water does not influence the specific 
surface of plant fibers. 


4. Wood pulps made by different processes differ 
sharply from native fibers in internal structure. The 
specific surface of wood pulps is 2-2.5 m’*/g, and in the 
swollen state it is 100-200 m*/g, 


The authors are deeply grateful to Professor A. V. 
Kiselev for the opportunity of carrying out determinations 
in the nitrogen adsorption apparatus and for his constant 
interest in the work. 
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EFFECT OF LOW TEMPERATURE ON THE VOLUME AND STABILITY 
OF FOAM 


S. G. Mokrushin and L. G. Zhidkova 


The S. M. Kirov Polytechnic Institute of the Urals, Sverdlovsk 


Most investigations of foam properties have been concerned with the effects of the concentration or nature 
of the foaming agent on foam stability. There is little information in the literature on the effect of tempearture 
on foam stability. Although there are data in the literature on the effect of high temperature on foam properties 
[1], there is very little on the influence of low temperatures on formation of foams in aqueous solutions, whereas 
foam formation and stability depend not only on the nature of the surface-active agent and the method of forma- 
tion but also to a considerable extent on the temperature. Changes of temperature inevitably lead to changes of 
surface tension, which has a significant role in the formation of stable foams, and at low concentrations the 
variations of surface tension with temperature are complex in character, as both the surface tension and adsorp- 
tion conditions alter [2, 3]. 


The majority of investigations have dealt with studies of foam formation in relation to temperature in 
systems consisting of organic liquids [1, 4], although the question of the influence of low temperatures on foam 
formation in solutions of inorganic substances is not less important, especially in fire fighting. The winter charges 
in foam-type extinguishers are designed for -18 and -23° [5], which is clearly unsuitable for the prevailing con- 
ditions in the northern regions of our country. Therefore, studies of the conditions of foam formation and stability 
at lower temperatures are of great practical importance. 


The purpose of the present investigation was to study the formation and stability of foams formed from 
aqueous calcium chloride solution in the temperature range from +23 to -37°, 


Before the investigations of foam stability it was necessary to select a vessel of suitable diameter. It has 
been shown by Rebinder and Savitskaya [6] that variations of the foam-air (vapor) interfacial area greatly in- 
fluence foam stability. We prepared foams in vessels of different diameters. The kinetic curves representing 
the spontaneous collapse of foam, presented in Fig. 1, show that the greater the vessel diameter, the lower is the 
foam stability. A measuring cylinder 59 mm in diameter was used in our experiments for determinations of foam 


volume and stability. 


Solutions of low freezing points were used for production of foams at low temperatures (see table). 


The foams were formed in a one-liter cylinder contained in a thermostat with freezing mixture. The 
freezing mixtures used were: down to -20°, a mixture of snow and NaCl in definite weight proportions, and for 
temperatures below -20°, a mixture of CaCl,- 6H,O and snow in definite weight proportions [7]. 


Chalk and finely ground malt (foaming agent) were added to CaCl, solution. The resultant suspension was 
stirred thoroughly and added to sulfuric acid. Before, they were mixed, the acid and the suspension of chalk and 
malt in calcium chloride solution were cooled to the required temperature in a thermostat with freezing mix- 
ture. The suspension was then added to the acid, and the foam temperature, volume, and stability were deter- 
mined. In the first experiments spontaneous foaming (without the use of stirring) was observed. For this, a sus- 
pension of 3.6 g CaCO, (pure) and 1 g of malt in CaCl, solution (sp. gr. 1.28) was added to 3 ml HgSOg, (sp. gr. 


1.58). 
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Characteristics of the Solutions Studied 


Freezing point, °C 


Solutions studied Density 


HySO, [7] 1.58 below -40 
HCl [8] 1.149 (30%) below -50 
CaCl, 191 1.28 (29%) -50.1 


1, 10 
Collapse time, min 


Fig.-2. Spontaneous collapse of foam with de- 
crease of temperature. 


Time of spontaneous collapse 


min 
Fig. 1. Effect of vessel diameter Vf, cc 
on foam volume (V) and stability; 1000; 


the numbers on the curves represent 


vessel diameters in mm. Sd 


In spontaneous foaming, when the temperature 


is lowered from +18 to -35°, the volume of foam Me apr ip 0 208 
formed is decreased considerably, but its stability is 

appreciably increased, as is clear from the data in Fig. 3. Change of foam volume with 
Fig. 2, decrease of temperature in the inerac- 


tion of 6 ml of H,SO, (sp. gr. 1.58) 
with suspensions formed from: 1) 8 g 
chalk and 2 g malt in 80 ml CaCl, 
solution (sp. gr. 1.28); 2) 9 g chalk 
and 2 g malt in 80 ml CaCl, solution. 


It is known [2] that increase of foam stability 
on decrease of temperature may be due to increased 
adsorption of the surface-active agent as the result of 
the salting-out effect. The foam formed at room tem- 
perature (18°), 375 cc in volume, collapsed in 90 
minutes, whereas at -17°, the foam volume was slightly 
reduced to 350 cc and after 190 minutes only 150 cc of 
the foam was lost. 


At temperatures below ~20° foam is hardly formed at all if the suspensions are not stirred. Therefore, 
in the subsequent experiments after the suspension had been added to the acid the mixture was stirred until the 
maximum volume of foam had been formed. Whensulfuric acid is mixed with a suspension of chalk (or pure 
CaCO) and foaming agent in CaCl, solution, heat is given out as the result of chemical reaction, and the 
temperature therefore rises by 7-10° above the temperature of the original solutions. 


At low temperatures and with stirring foam»is not formed at once [3], but some time after the components 
have been mixed; from 20 seconds for initial solutions at -25° to 90 seconds for initial solutions at -45°, The 
effect of temperature on foam volume is shown in Fig, 3. 
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The greatest foaming in the interaction of the sus- 
pension with sulfuric acid is observed in the temperature 
range from -5 to -14°, In our opinion, this is because when 
the temperature is lowered to -12 or -14°, the foam viscosity 
increases considerably; the films surrounding the foam- 
bubble cells acquire a mobile elastic structure and thus, 
the foam bubbles formed in this temperature range do not 
burst during foam formation. On further decrease of tem- 
perature the surface layers surrounding the bubbles become 
brittle and foam formation is accompanied by breakdown 


Fig. 4. Change of foam volume with of a large number of bubbles, which accounts for the con-~ 
decrease of temperature in the inter- siderable decrease of volume at low temperatures. The 
action of HCl with suspensions formed foam column formed at a low temperature (below -15°) 
from: 1) 7.5 g chalk and 2 g malt in itself has considerable stability, which is greater at lower 
80 ml CaCl,‘solution; 2) 8 g chalk and temperatures, but the slightest touch or agitation results in 
2 g malt in 80 ml CaCl, solution. immediate collapse of the whole column of foam. 


To reduce the time interval between the mixing of 
the components and the start of foaming at low temperatures, the more active hydrochloric acid of sp. gr. 1.149 
(30%) was used. The results of experiments with foam prepared in this manner are presented in Fig. 4. The 
greatest foaming in this case was observed between -4 and -6°. The foam temperature rose by only 3-5° over the 
temperature of the initial solutions; the time interval between the mixing of the components and foaming was 
shortened to 3 seconds at room temperature and to 25 seconds at low temperatures. 
SUMMARY 


1. When a suspension of chalk in calcium chloride solution containing a foaming agent is mixed with 
sulfuric or hydrochloric acid at low temperatures, there is virtually no foaming unless the mixture is stirred. 


2. At low temperatures foam is not formed at once, but some time after the components have been mixed; 
this time interval is longer at lower foam-formation temperatures. 


3. Foam stability increases with decrease of temperature. 


4, At temperatures below -15° the surface layers surrounding the bubbles have brittle structure. 


LITERATURE CITED 
{1] G. O. Erchikovskii, Formation of Flotation Foam [In Russian] (GONTI, 1939). 
[2] V. K. Semenchenko and A. F. Gracheva, J. Phys. Chem., 6, 49 (1935). 
[3] V. A. Naumov, Colloid Chemistry [In Russian] (State Chem. Tech, Press, 1932). 
[4] B. Ya. Teitel'baum, Colloid J., 12, 375 (1950). 


[5] Brief Rules for the Use and Charging of Manual Fire Extinguishers [In Russian] (Ministry of Municipal 
Economy, 1950). 


[6] E. M. Savitskaya and P. A. Rebinder, Colloid J., 13, 200 (1951). 

[7] Chemist*s Handbook [In Russian] (Goskhimizdat, 1954) p. 449. 

[8] Landolt-Bornstein, Phys.-Chem. Tabellen 1, 490 (1920). 

[9] Yu. V. Karyakin, Pure Chemical Reagents [In Russian] (Goskhimizdat, 1947). 


Received July 3, 1957 


325 


7 be ae seee' ay on Qh iVer Smid arty 
¢ Seontee? oi Wn) Dae Micah eg 0 okey? aap FAG) 
nie © a 1 gis wo. 0 _ptinesh gewtie 7 
ER i ey) sat .”@ hit dhe rsal a) }*eteraqng aie } , 
: ~ Rani “17 eS Ayes APPS. ad 1% Read hue Wedel ’ “ 
ie GE 8 er neh, cds Riise @ ats wylar odetesind : 


Ba es LE eo hr BR Uoiesivd ipa oft) 
fee Saeors seat: & LH che aed il ge (Met: ” ‘ind 
ers, seiielu? ai) Ree HE ebeip le be ae eT lia ites: 
vebwtie! © balnras yea cotieune? maa hic iRuind 


. - * ? , 1 J . 
His ash) Whos Bel Haqul yy crabe b vali bs fithw oF AWioy rah we irgnest eS a 
~ aaa CR Sayiytis rl Tm TP mi mrad cikeigr athe : a yal oa i)? STASIS persis 
eke WLinl) ivy he Or egsd iemlh-« -e Wire (reir is'y digg NOs: RPM aly 
Peres Ja WT aS yA Miahilie rilisheatal AAR RANI eet Vin ~~ a iw. Han & 3 (bess. on + 
eeeweae hte eC wr ihey sel hais oy ted oot te reerest * Ne ty eee : 
mee eae nS ei taty hae \ ha Qeppiaad ah acral he 


Cnn 
MrT S ety aie siene Vaal “le swale nar OY Sen 2 f : 
ia ig eet ie it 551 ed ies it Sh trade jenlenens 
ar) 4 i | ie i hastapa™ > wer ‘HG wi Bate) hp tlhe iw ort | ey 
ame yo °R-" xls ow ” qiteie Fegriot rant aif! ~ be nogulad ima ghe die 1g DOK 
be * aitacwut tik. at sn Sr es Deh noowied! Iovisi) sralt sar nnhetped 


eset ea H Y® Chives? SS Aris 
aren 4 tas & RS IIIa ne oa 


i 5 = 
— 


=) 
® 


Ay Ler pe Tae ; 

x ' — 

fyi mye es HORS iN aL Tak. ba ah Sue at 9,99 a 
" Fr i> ting Ol Wololanza® Abas la a0imoqen & reat! 


BOtiy 4) Mid Sr wea: Pe pane Vibro mw vest oarT wana Cciennepes 
ert: #7) i Vea) . 6 ane? ag “ty 13 A Re GRA Ce! ape 46 son ae " ke elite 


tSuti¢ nQfie: ‘he PATTIE 


« Vin arenes Tr AS Ae 
. * y , ‘ 
Seri As & oven’ Ghitthe’ «tt withers ai 3 A tn 
Sear Re CONN tell RBG no coved yon ua Ete ied 
- : —. \ as 
- : sl hes? Par ay rii 
Bei) 2 - ink (ie of Sima 


> + v “Al Py Alte tpe@etieuh «i) Pw! Aol deine sitnapee tise. 


is GSTIPL CA oqiet we arobaiy Fuh ices - 
) 7 » > ¥ * 


ality 


= @y P inte: BoB int.) Shale) Lasiaeit 2 7 ecient et ea ane 


te SON ~ 
’ . merit) Low 2) Lad b: ee et aa od . cure 
IE Xs Hanon ltrs, 


aan y 7 


| Hi ties may on es vit ath anys Pas, BN pie@D hoe atl nt vr 


‘ 


i (PAUP PMR 22 od Otoltod .colmdat D A bow 
ox ine Seba hmibioD Ke . 


“ea : 4 iA cs wy 
F \ tifa Wath), sh gates \ is 
: (4) oelanntibn | wre = +. 
® ‘ P 4) , . > : 
a - soaitain aka ies vi 


oT a ‘ing el Conan a 
Ve a | 


, yt) Anes WOK! ay? 


PREPARATION OF FERRIC HYDROXIDE GELS OF DIFFERENT PORE 
STRUCTURES, AND THEIR ADSORPTIONAL PROPERTIES 


I. E. Neimark and I. B. Slinyakova 


The L. V. Pisarzhevskii Institute of Physical Chemistry, Academy of Sciences 
Ukrainian SSR, Kiev 


Gels of hydrated iron oxides catalyze many chemical reactions [1]; they accelerate hydrogenation, crack - 
ing, oxidation, and other processes. In some instances ferric hydroxide gels may be used as adsorbents for gases, 
vapors, and dissolved substances [2-5]. Perry [2] found that acetone, chloroform, butyl alcohol, carbon tetra - 
chloride, benzene, isobutyl alcohol, and sulfur dioxide were adsorbed to a considerable extent from their saturated 
vapors on ferric hydroxide. Adsorption of ammonia and carbon monoxide on ferric hydroxide gel was studied by 
Emmett and Love [3]; they found that if the gel is heated above 550° its adsorptive capacity falls sharply. Lam- 
bert and Clark [4] determined isotherms for the sorption of benzene on ferric hydroxide gel. Ferric hydroxide gel 
effectively adsorbs oxalic acid from solution [5]. Zaprometov and Virskaya [6] found that sorption of water and 
benzene vapor by coagulated Fe(OH), depends on the hydrophilic characteristics of the latter. 


The adsorptional and catalytic properties of ferric hydroxide gels are determined to a considerable extent 
by the nature of their porosity, and therefore, it is very important to be able to prepare such gels with predeter- 
mined porosity. There have been very few investigations of this problem. We therefore undertook a study of the 
influence of the preparation conditions of ferric hydroxide gels on their structure and adsorptional properties, 


In preparation of ferric hydroxide gels differing in pore structure we were guided by our theoretical con- 
cepts [7, 8] of the mechanism of structure formation in hydrophilic adsorbents. According to these concepts, 
structure formation in.hydrophilic adsorbents is strongly influenced, on the one hand, by capillary forces, which 
depend on the surface tension of the intermicellar liquid and the wetting of the capillary walls by it, and on the 
other, by the degree of aggregation of the particles into chains and clusters during aging of the gel. 


In the present investigation, we studied the influence of the precipitation medium, the aging temperature 
of the precipitate, and the nature of the intermicellar liquid on the pore structure and adsorptional properties 
of ferric hydroxide gels. 


Methods for preparation and investigation of ferric hydroxide gels, Ferric hydroxide was prepared by 


Belotserkovskii's method [9, 10], by addition of ammonia solution to ferric chloride solution, The definite 
volume of ammonia solution necessary for precipitation of ferric hydroxide was added slowly, with stirring, to 
ferric chloride solution at room temperature. A flocculent precipitate of ferric hydroxide was formed as the 


ammonia was added. 
According to Krause [11], primary ferric hydroxide particles are molecules consisting of groups of four iron 
atoms with the structure 
OH — Fe — 0 — Fe— 0 — Fe— Fe = O. 
| | | 
OH OH OH 
These molecules polymerize to form groups containing 40-50 iron atoms (with orientation with respect 
to 40-50 iron atoms). Dumanskii [12] determined the molecular weight of colloidal ferric hydroxide, and found 


it to be 3122. 


327 


TABLE 1 


Structural and Adsorptional Characteristics of Ferric Hydroxide Gels Prepared 
From Suspensions of Different pH 


{ 
Pore volume, cc/g | Specific 
Series ample | ie is Apparent | surface, 
| hoe ee | total sorptional m?/g ol 
4 10,0 4,60 0,38 0,39 
I 2 9,6 4,87 0,28 0,30 
3 6,8 2 AS 0,22 0,15 
4 5,3 2,34 0,17 0,19 
42 40,0 4,73 0,33 0,34 406 
II 43 9,6 2,0 0,20 0,27 75 
44 8,9 2,07 0,24 0,25 78 
5 6,3 2,20 0,24 0,20 32 


~ 


TABLE 2 


Effect of Aging Conditions of Hydrogel Precipitates on Total Porosity of Ferric Hydroxide Gels 


Aging temperature ofjApparent density, Total pore volume, 
precipitate, deg g cc/g 


pH of suspension 


TABLE 3 


Effect of Replacement of the Intermicellar Liquid by Isobutyl Alcohol or Benzene on the 
Structural and Sorptional Characteristics of Ferric Hydroxide Gels 


Pore volume, cc/g E 


j=) ‘ 
an a Intermicellar liquid in 2 i RS 00 
2 a hydrogel o pp § S lao of 
vie Te ‘ai gE a |S | e591 a8 8 
‘a a a4 06 3 a. OU] OW HE 
Pues aad as z2m| 8 | Sa] BS/eeHe 
I 5 6,3 | Water 2,20 06241 40,20.| = 32 
6 6,3 | Isobutyl alcohol 0,71 | 1,16 | 0,83 | 0,33 ~ 
8 9,6 Water 2,06 OT2e sO cena — 
14 9,6 Benzene 1,34 O69 | 054877 ee 
Il 42 9,6 Bre day pada 0,65 1,34°]°4,22 10,40 — 
9 9,6 | Isobutyl oho! 0,47 1,88 | 1,27 | 0,44 — 
10 9,6 Isobutyl alcohol 0,47 4,88 { ,28 0,40 185 
42 40,0 | Water 1.93: 10. 88 7.0, 35 ee 106 
II 42a 10,0 Isobuty] alcohol | 0,52 1566208 a c0s56 — 
13 9,6 | Water 1 2,000 | Gouge 75 
IV 43a 9,6 Isobutyl aicohol 0,85 0,93 | 0,73 | 0,20 71 
14 8,9 Water 2,07 0,24 | 0,25 | — 78 
Vo 4a) 8.90 Reneane 1,66 |0,36/0,36| — 7A 
45 5,7 Water 2,06 0,24 | 0,23 a 67 
VI fEa 5,7 Benzene 1,39 0,47 | 0,44 |. — 85 
15b 5,7 | Isobutyl alcohol 0,85 | 0,93 | 0,70 | 0,23 244 
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Levina and Ermolenko [13] found by observation under the electron microscope that at the instant of forma- 
tion of ferric hydroxide hydrogel spherical particles are formed, which subsequently condense and crystallize. 


Our suspension was aged for two days, after which the settled precipitate was washed by decantation with 
distilled water to a negative reaction for chloride in the wash waters. The washed precipitate was filtered off on 
a Buchner funnel, molded into cylinders, and dried at room temperature to 60-70% moisture content. The dehy- 
dration conditions were varied in accordance with the problem in hand. In some cases the hydroxide dehydrated 
at 100°, while in others the intermicellar liquid of the hydrogel was replaced by a liquid of low surface tension, 
as compared with water, with subsequent removal of both liquids at 150-200°. 


The resultant gels were characterized by their total porosity, found from the difference of the reciprocals 
of the apparent and true densities and static activity for benzene vapor at p/p, = 1.0; for the most typical samples, 
isotherms for sorption and desprption of methyl alcohol were determined by means of a vacuum eae with 
a spring balance. 


Influence of precipitation medium on pore structure of ferric hydroxide gels. We found earlier [14] that 


the reaction of the medium in precipitation of chalky silica gels has a very strong influence on their pore struc- 
ture. It seemed likely that differences in the precipitation medium should a!:o influence pore structure in the 
preparation of ferric hydroxide gels. For investigation of this question, thrce series of samples were prepared 
differing in the pHof the suspension. The reaction of the precipitation medium was varied by additions of differ - 
ent amounts of 0.1 N hydrochloric acid to definite volumes of 0.55 N ferric chloride, the required volume of 
20% ammonia being then added slowly. The pH of the suspensions was determined by means of the antimony 
electrode. 


Attempts to prepare ferric hydroxide from an acid medium at pH< 4 were not successful, as the precipitate 
is peptized under such conditions. 


The structural and sorptional characteristics of ferric hydroxide gels prepared from suspensions of different 
pH are given in Table 1. 


It follows from Table 1 that when the pH of the precipitation medium is raised from 5.3 to 10, the total 
and sorptional pore volumes of ferric hydroxide gels are approximately doubled. 


Fig. 1 shows that the isotherm for Sample 12, precipitated in an alkaline medium, lies higher at high 
values of p/p,. Consequently, an alkaline medium favors formation of gels with a large volume of intermediate 
pores. The specific surface of these ferric hydroxide gels is not large. 


Effect of aging temperature of the precipitate on the porosity of ferric hydroxide. It was shown [15, 16] 


that increase of the aging temperature of precipitated silicic acid hydrogels leads to formation of more coarsely - 
porous silica gels. It was of interest to determined how the aging temperature of a ferric hydroxide precipitate 
influences total porosity of the gel. Washed hydrogel Sample 1 (See Table 1) was divided into three portions: 
one portion was aged at room temperature (20 + 1°); another was aged first at 20° for 24 hours and then at 80°, 
and the third portion was aged at 100°. Hydrogel Sample 2, was divided into two portions, one of which was aged 
at 20°, while the other was aged first at 20° and finally dried at 80°. 


The aging conditions of the hydrogel precipitates and the total porosities of the gels are given in Table 2. 


It is clear from Table 2 that increase of the aging temperature of the precipitate increases the total pore 
volume somewhat. 

Effect of the nature of the intermicellar liquid in the hydrogel on pore structure of ferric hydroxide gels. 
Several series of ferric hydroxide samples were prepared for studying the influence of the nature of the inter- 
micellar liquid on pore structure. The pH values of the suspensions were determined in the preparation of each 
series, The aged and washed precipitates were divided into several portions each, and dried at room temperature; 
one portion of each (the control samples) was dried at 100°, while in the other portions, the intermicellar liquid 


was replaced by isobutyl alcohol or benzene. 
Table 3 contains details of preparation conditions and the structural and sorptional characteristics of ferric 


hydroxide samples in which the intermicellar liquid has been replaced by isobutyl alcohol or benzene. The 
structural characteristics of the control samples are also given, for comparison. 
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Fig. 1. Isotherms for sorption of 
methyl alcohol vapor by gels No. 
5, 18, and 12, prepared from sus- 
pensions of pH 6.3, 9.6, and 10.0 
respectively; black circles repre - 
sent desorption. 


Fig. 2. Isotherms for sorption of 
methyl alcohol vapor on gel 
Samples No. 13 and 13a; black 
circles represent desorption. 


mmole/g 


It follows from Table 3 that when the intermi- 
cellar liquid in the hydrogels is replaced by isobutyl] 
alcohol, gels of a high total porosity are formed. The 
total pore volume increased 5 to 6-fold in comparison 
with the control samples, and the sorptional pore volume 
increased 2 to 3-fold; macropores also appeared, 
although their absolute volume was not large. The 
specific surface of these ferric hydroxide gels were not 
large. 


When water in the hydrogels is replaced by ben- 


Fig. 3. Isotherms for sorption of zene, the gels formed have approximately double the 
methyl alcohol vapor on gel porosity and sorptional pore volume of the control 
Samples No. 14 and 14a; black samples (8 and 11; 14 and 14a; 15 and 15a). There 
circles represent desorption. were no macropores in these samples. 


Thus, the total porosity of ferric hydroxide gels 
can be increased severalfold by replacement of the intermicellar liquid in the hydrogels by isobutyl alcohol or 
benzene. 


Isotherms for sorption and desorption of methyl alcohol vapor by these gels are given in Fig. 2, 3 and 4. 


Examination of the sorption isotherms for control samples and for gels in which the intermicellar liquid 
was replaced by liquids of low surface tension as compared with water, leads to the conclusion that the resultant 
gels do not contain any fine pores (micropores), because all the isotherms lie close to the abscissa axis over 
almost the whole range of pressure ratios (up to 0.8), The curves begin to ascend steeply only at p/p, from 0.8 
to 1.0; the isotherms for samples treated with the surface-active substances rise to a much higher level than the 
isotherms for the control samples, This shows that the volume of the intermediate pores is large. Evidently, 
only the volume of the intermediate pores can be varied by this method. 


It should be noted that in some instances the adsorption and desorption branches do not coincide. This is 
probably because of chemical interaction of methyl alcohol molecules with the gel surface. 


These samples can be arranged in a series in order of increasing total pore volume. 
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Fig. 4. Isotherms for sorption 

of methyl alcohol vapor on gel 
Samples No. 15, 15a, and 15b; 
black circles represent desorption. 


A range of ferric hydroxide gels of different 
porosities is listed in Table 4. 


Thus, a range of gels of total porosities from 
0.17 to 1.88 cc/g was obtained. 


Fig. 5 shows isotherms for the sorption of methyl 
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Fig. 5. Isotherms for sorption of methyl 
alcohol vapor on a number of ferric hydroxide 
gels; black circles represent desorption; values 
of P/Ps along the abscissa axis. 


alcohol vapor on some of the gel samples of this series. It follows from Fig. 5, that the variations of gel porosity 
are due mainly to increases in the number of intermediate pores. 


TABLE 4 


Range of Ferric Hydroxide Gels of Different Porosities 


Apparent den- 
Sample ‘sity, g/cc 


Pore volume, cc/g 


Specific 


surface, m?/g 


total sorptional 
| 

4 2,34 0,17 0,19 = 
14 2,06 0,24 0,25 78 
43 2,00 0,25 0,27 75 
2 1,87 0,29 0,30 = 
42 1,73 0,33 0,34 — 
14a 1,66 0,36 0,36 74 
4 1,60 0,39 0,39 — 
45a 1,39 0,47 0,44 89 
45b 0,85 0,93 0,73 214 
6 0,72 4,16 0,79 ms 
12x 0,65 4,31 4,22 — 
9,10 0,47 1,88 1,28 185 


331 


It follows from these results that the influence of principal factors (surface tension of the intermicellar 
liquid, aging temperature of the precipitate, pH of the suspension, etc.) on the pore structure of ferric hydroxide 
gels is analogous to the influence of the same factors on the structure of silica gels. It is probable that the main 
points of our theory of the formation of porous structures in hydrophilic adsorbents are also applicable to ferric 


hydroxide gels. 
SUMMARY 


1. The structure and sorptional properties of ferric hydroxide gels depend on the conditions of their pre- 


paration. 


2. The influence of various factors on the nature of the porosity of silica gels and of ferric hydroxide gels 
respectively is analogous. It is shown that the fundamental concepts of our theory of the mechanism of structure © 
formation in hydrophilic adsorbents are applicable to ferric hydroxide gels. 


3. Methods have been worked out for preparation of a range of ferric hydroxide gels with total porosities 
from 0.17 to 1.88 cc/g. 
LITERATURE CITED 


[1] S. Berkman, J. C. Morrell and G. Egloff, Catalysis, Inorganic and Organic (State Fuel Tech. Press, 
Moscow-Leningrad, 1949) [Russian translation]. 


[2] J. H. Perry, J. Phys. Chem., 29, 1462 (1925). 

[3] P. H. Emmett and K. S. Love, J. Phys. Chem., 34, 54 (1930). 

[4] B. Lambert and A, Clark, Proc. Roy. Soc., 117, 183 (1927); 122, 511 (1929). 
[5] A. S. Shakhov, Colloid J. 2, 215 (1936). 


[6] G. M. Virskaya, Author*’s Summary of Dissertation [In Russian] (1953); B.G. Zaprometov and G. M. 
Virskaya, Colloid J. 10, 339 (1948). 


[7] I. E. Neimark, Progr, Chem., 25, 748, (1956). 
[8] I. E. Neimark and R. Yu. Sheinfain, Colloid J., 15, 145 (1953). 
[9] E. V. Alekseevskii, General Course of Defense Chemistry [In Russian] Part 1 (Leningrad, 1935). 


[10] E. V. Alekseevskii, G. M. Belotserkovskii and T. F. Plachenov, Practical Work on Defense Chemistry 
[In Russian] (Defense Press, Moscow, 1940). 


[11] S. Krause, Z. anorgan. und. allgem. Chem., 204, 20 (1932). 

[12] A. V. Dumanskii, J. Russ. Phys.-Chem. Soc., 43, 546 (1911). 

[13] S. A. Levina and N. F. Ermolenko, Colloid J. 17, 287 (1955). 

[14] I. E. Neimark and I. B. Slinyakova, Colloid J. 15, 277 (1953). * 

[15] I. E. Neimark and F. I. Khatset, Colloid J. 9, 289 (1947). 

[16] V. S. Veselovskii and I. A. Selyaev, J. Phys. Chem., 6, 1171 (1935). 


Received November 15, 1957 


* Original Russian pagination. See C. B. Translation. 


332 


VARIATIONS OF THE STRUCTURE AND ADSORPTION ACTIVITY 
OF ALUMINUM HYDROXIDE WITH THE CONDITIONS OF ITS 
FORMATION 


M. A. Piontkovskaya, Ya. V. Zhigailo, L. A. Eremenko 
and I. E. Neimark* 


The L. V. Pisarzhevskii Institute of Physical Chemistry, Academy of Sciences 
Ukrainian SSR, Kiev 


Metal hydroxides are widely used in modern industry as catalysts and adsorbents, It is known that, with 
a constant chemical composition, the adsorption capacity, selectivity, and catalytic activity of a substance may 
vary within wide limits according to its origin. At the present time, most authors tend to believe that variations 
of selective action and catalytic and adsorption activity of different substances are caused mainly by changes 
of their pore structure in the course of their formation [1]. 


Noteworthy in this connection are investigations of the properties of metal hydroxides, the structure of 
which alters with the time of aging under the layer of mother liquor. The literature contains publications on 
variations of the chemical, catalytic, and other properties of metal hydroxides during aging [2]. However, there 
is little information in the literature on variations of the adsorption activity of metal hydroxides in relation to 
aging in the mother liquor [3]. 


In the present investigation, the adsorption and x-ray structural methods were used to study the adsorption 
activity, dispersity, and structure of aluminum hydroxide at the instant of its formation and after it had been left 
in contact with the mother liquor for different times. 


Preparation of aluminum hydroxide and study of its structure and adsorption activity. Aluminum hydroxide 


gels were prepared by the mixing of equal volumes of 1 N solutions of aluminum sulfate and caustic soda. The 
aluminum hydroxide was left in contact with the mother liquor for different periods of time. The precipitates 
were then pressed out to remove mother liquor and washed thoroughly with distilled water to remove salts, The 
salt-free hydroxide was molded into cylinders and dried at room temperature. The structure of the adsorbents 
so formed was studied with the aid of isotherms for adsorption of benzene vapor, determined in an apparatus with 
a quartz spring balance. The specific surfaces of the samples and the predominant pore size were calculated 
from the data on adsorption of benzene vapor. The total pore volume was calculated from the differences be- 
tween the reciprocals of the true and apparent densities, to characterize the pore structure. 


Table i gives the aging time of the alumina gels, the total pore volume, adsorption capacity determined 
from data on adsorption from saturated vapor, specific surface, and the most probable pore radius for five alumina 


gel samples, 


Isotherms for adsorption and desorption of benzene vapor by the same samples are presented in Fig. 1. 


It follows from Fig. 1 and Table 1 that aging of aluminum hydroxide gel affects its adsorption activity. 
At the instant of its formation, aluminum hydroxide is a very active adsorbent; its adsorption capacity and effec- 
tive pore radius decrease with progressive aging. It is probable that freshly-prepared aluminum hydroxide consists 


*L. P, Shikina assisted in the adsorption determinations, 
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TABLE 1 


Adsorption Characteristics of Alumina Gels 


Volume of adsorbed benzene at 


Sp. surface,| Effective 


Apparent 
density, 


TABLE 2 


Interplanar Spacings and Reflection Angles for Three Alumina 
Gel Samples. 


Alumina 


gel sample ! Line No. sin 8 | d exptl. 3 from tables 
.No | 
907 4 0, 3264 2,398 2,378 
2 0; 4083 4885 47919 
3 0.5344 1,448 4458 
4 0;6704 47448 47445 
906 n 0,3239 2,376 2,378 
2 024115 4°870 4919 
3 075348 17440 1458 
905 1 0,3239 2,376 2,378 
2 0) 4083 4,887 17919 
3 05329 1444 47458 


TABLE 3 


Positions of Lines on the x-Ray Patterns of Corundum and of Alumina Gel Heated to 900° 


S for alumina gel ereaeniin Line No. S for alumina gel 


heated to 900° heated to 900° S for corundum 


Line No. 


of amorphous particles, The structural changes which take place in it during aging in the mother liquor are 
probably associated with condensation and crystallization of the gel in the course of aging. These changes are 
reflected especially clearly in the variations of the apparent density and sorption capacity with aging time: the 
apparent density of alumina gel (6) increases during aging, whereas the sorption capacity (Vs) at P/P, = 1 
diminishes. (See Fig. 2). 
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Fig. 1. Isotherms for adsorption of benzene vapor at 20° on alumina gels: 
1) No. 903; 2) No. 904; 3) No. 905; 4) No. 906; 5) No. 907 


Fig. 2. Variations of apparent density (6) and 
sorption capacity (V,) of alumina gels with time 
of aging in the mother liquor. 


Investigation of the alumina gels by x-ray 
diffraction provides good confirmation of this hypothe - 
sis, The x-ray patterns were taken by the Debye- 
Scherrer method withK, radiation from a BSV-4 tube 
with a copper anticathode. Nickel foil was used as a 
filter to reduce K, radiation. All the x-ray patterns 
were taken in the same camera 64.8 mm in diameter, 
under the same conditions (40 kv and 18 ma) with 7 
hours’ exposure. The x-ray patterns were analyzed 
photometrically by means of the MF -4 recording 
microphotometer. 


Fig. 3, shows the x-ray patterns of five alumina 
gel samples aged for different times, and of alumina 
gel heated at 900°. Microphotometric curves of the same 
samples are given in Fig. 4. All the samples except 
No. 903 and No. 904 give fairly sharp diffraction 


patterns. The diffraction rings of the latter are so diffuse that they could not be indexed. These samples 


are practically amorphous. 


Samples No. 905, 906, and 907 give fairly sharp diffraction rings, although the rings are somewhat broaden- 
ed, indicating that these samples are microcrystalline. The half widths of the rings decrease appreciably from 
Sample No, 905 to Sample No. 907, i.e., the crystallites increase in size during aging. Table 2 gives values of 
sin 9 (9 is the Bragg reflection angle) and interplanar spacings for three alumina gel samples. It is seen that 
the angles of scattering remain constant for all the samples within the limits of experimental error, i.e., that all 
the samples have a similar crystal lattice. A comparison of the experimental values for the interplanar spacings 
for Samples No. 905, 906, and 907 with published data showed that these samples have the lattice of hydrargil- 


lite Al,O3 ° 3H,O. 


It follows from Table 3 that when these samples are heated to 900°, the crystal lattice changes and ac- 


quires the structure of corundum, A1,0;. 


335 


Fig. 3. The x-ray patterns of alumina gels formed after different aging times: 1) alumina 
gel heated to 900°; 2) Sample No. 907 (aging time 45 days); 3) No. 906 (10 days); 4) No. 
905 (2 days); 5) No. 904 (1 day); 6) No. 903 (before aging). 


SUMMARY 


1. The effect of the time of aging of aluminum 
hydroxide gel in the mother liquor on its structure and 
adsorption activity was studied. 

2. The pore structure of alumina gel alters during 

N2907 aging; the longer the aging time in the mother liquor, 
the more extensive are the structural changes in it. 
damier Ana 3. It was shown by x-ray investigation that 
changes in the properties and pore structure of alumina 
wc ae gels during aging are due to conversion of the amor- 
e904 phous to the crystalline form. 


é LIT 
Fig. 4, Microphotometric curves of the x-ray PREP ATURE GEE PY 
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INVESTIGATIONS OF ALUMINUM HYDROXIDE HYDROSOLS 


5. EXPERIMENTS ON THE APPLICATION OF THERMOGRAPHY IN STUDIES OF THIXOTROPIC 
Al,Q, GELS 


Po V. Rufino 


The Ul"yanov-Lenin University of Kazan, Laboratory of Inorganic Chemistry 


Thermography has extensive and diverse applications as one of the methods of physicochemical analysis. 
However, use of the thermographic method in colloid chemistry involves considerable difficulties because of 
the small magnitude of the heat effects in colloidal processes, and also of the possible breakdown of the internal 
structure of colloids in the course of thermal investigations. Nevertheless, the thermographic method has been 
used in investigations of some individual and particular problems of colloid chemistry. Lipatov, Stepanova and 
Fel*dman, in studying the course of cooling of a gelatin sol, found that heat is apparently liberated during the 
sol-gel transition. Nazarov and Nikolaev [2] attempted to study the formation of starch pastes and the influence 
of electrolytes on the process by the thermographic method. Kunzel and Docener [3] studied the same problem. 
Calvet, Boivinet, and Noel [4] used differential thermal analysis among other methods for studying Al,Q; gels. 
Krotov [5] used the thermographic method to demonstrate the existence of a thermostable form of aluminum 
hydroxide, It is known that Al,O, in the colloidal state is widely used in technology. Plausible conclusions con- 
cerning the structure of alumina gels can be drawn from the results of experimental investigations, but the ques- 
tion cannot be regarded as finally solved, and there is no doubt that work in this field will continue, 


In the present investigation an attempt was made to apply a physicochemical method, namely thermography, 
to investigation of thixotropic aluminum hydroxide gels. 


Two modifications of aluminum hydroxide gel, prepared by Willstaetter’s method [6], were used for the 
investigations. The first modification (A) was prepared by addition of aluminum sulfate solution, previously 
heated to boiling, to 20% ammonium hydroxide solution. The reaction mixture was then heated to 40-50° and 
a current of steam was passed through it for 5 hours. The precipitate was washed with distilled water by decanta- 
tion and treated with 20% ammonium hydroxide solution on a water bath under reflux for 48 hours, At the end 
of the heating the aluminum hydroxide precipitate was washed several times with distilled water and separated 
off by decantation, The washed gel was filtered off on a Buchner funnel and dried in a desiccator over sulfuric 


acid, and then to constant weight at 60-65". 


The second modification of alumina gel (D) was prepared by dissolution of aluminum hydroxide in caustic 
soda solution, with subsequent filtration and dilution of the solution. A stream of carbon dioxide was then passed 
through this solution for 48 hours. The precipitate was- washed 12-15 times with distilled water containing carbon 
dioxide. The precipitate was filtered off, dried in a desiccator over sulfuric acid, and then to constant weight 


at 60-65". 
Thermograms of the two gels are shown in Fig. 1 and 2. They were recorded by means of the PK-52 pyro- 
meter, with Pt/Pt + Rh thermocouples and Al,O, as the reference standard. * 


The preliminary results so obtained can be interpreted on the basis of different forms of water-gel bonding. 


*The author thanks E. F. Gubanov, laboratory assistant of the Kazan" Branch of the Academy of Sciences, who 


recorded the thermograms. 
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Fig. 2, Thermogram of Al,O, gel; 
gel modification D. 


ue 


Fig. 1. Thermogram of Al,O, gel; 
gel modification A. The structure of the alumina gel micelle can be 


conventionally represented as. follows: 


[(n A1,Ox - m H,0)- x Al- mp H,O]- (y SOg: my H,0) + zH,O 


ee 


Nucleus Nuclear Ionogen | Counter ion Capillary 
water 
yee hydration hull “* 
constitution : 
of micelle 


Three endothermal effects may be expected in the thermal breakdown on the gel: caused by loss of 
capillary water, by loss of hydration water from the micelles, and by decomposition of the nuclei of the gel 
structure with loss of nuclear water of constitution; 


Examination of the thermograms shows that both the gels studied give these three points. However, for 
gel A the third thermal effect is indistinct, while gel D gives an additional endothermal effect at 500°. A 
possible explanation of the latter is that the fonogenic group of gel D decomposes and liberates CO). The smaller 
endothermal effect at 420° in the case of gel D suggests that gel A contains less capillary water than gel D, 
which may be caused by the higher dispersity of gel A. This hypothesis requires further detailed study. 


The micelles of gel A form capillary water as the result of coalescence of their hydration hulls, since gel 
A does not giveianiendothermal effect at 230°, which in the case of gel D is probably due to loss of water from 
the hydration hulls, It follows from this hypothesis that gel A is less hydrated than gel D. 


It follows from the thermogram (Fig. 1) that:the endothermal effect at 430° for gel A is greater than the 
same effect at 420° for gel D; this may be attributed to the higher content of nuclear water of constitution 
in gel A. It follows from our interpretation of the thermal effect that the structure of the micelle nucleus of 
gel A corresponds to bauxite (A1,O, - 2H,O), and that of gel D to diaspore (Al,O,+H,O). This also, of course, 
requires additional proof. 


The presence of an endothermal effect at 500° for gel D (Fig. 2) indicates separation of the counter ions 
(CO;*) with their subsequent decomposition to CO. This is not found for gel A, as its counter ions (SOj”) are 
more stable. 


The difference between the temperatures of the endothermal effects at 140° and 420° (10° in each case) 
may, in our opinion, be attributed to differences in the dispersity of the two gels. 
SUMMARY 


The results of thermographic investigations of Al,0, gel samples suggest that at 140° these gels lose 
capillary water; at 230° the hydration hulls of their micelles are broken down; at 420° nuclear water of con- 
stitution is lost; and at 500°, the counter ions of the micelle are split off and decomposed. 


I take this opportunity to thank Professor A. F. Bogoyavlenskii, Dr. Chem. Sci., for discussion of the results 
of this investigation. 
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SEDIMENTOMETRIC ANALYSIS OF HIGHLY DISPERSE SUSPENSIONS 
BY MEANS OF THE CENTRIFUGAL BALANCE 


N. A. Figurovskii and T. B. Gavrilova 


The M. V. Lomonosov University, Moscow, Faculty of Chemistry 


The usual methods of sedimentometric analysis in the Earth’s gravit: .ional field are applicable only 
within relatively narrow ranges of dispersity of the suspensions studied. For macrodisperse systems this range is 
limited by the physical conditions of applicability of Stokes* law (Reynolds number, etc.). In the microdisperse 
range, on the other hand, sedimentometric determinations depend on the practical possibility of performing 
the experiments and obtaining reliable results [1]. 


It is known that in studies of highly disperse and semicolloidal systems by the usual methods of sedimento- 
metric analysis a number of difficulties are encountered, and it is far from always possible to overcome them. 
First of all, the settling time of an individual particle increases with increasing dispersity of a suspension, in 
accordance with the equation: 


rt =K, 


where r is the particle radius; t is the time required for the particle to descend through 1 cm; K is the constant 
of the Stokes equation for the given disperse phase and dispersion medium. It is easy to calculate that quartz 
particles 0.24 in size should settle at a rate of 3,7- 10°§ cm/second, i.e., they pass through a vertical distance 
of 1 cm in 75 hours. 


The influence of various complicating factors on the sedimentation of the settling particles, especially 
convection currents in the suspension, particle hydration, and Brownian motion, increases sharply with increasing 
dispersity of the suspensions. Therefore, sedimentometric analysis in the Earth's gravitational field is not used 
for determinations of the dispersity of materials with particles <ly in size. Nevertheless, powders and suspen- 
sions with particle sizes of the order of 0.1-1y are extensively used, and development of convenient methods for 


their investigations is becoming an urgent practical problem. 


Methods based on various physical principles are used for studies of highly disperse systems; they include 
microscopical analysis, electron microscopy, adsorption methods, methods based on the rate of solution of 
particles, methods in which liquids and gases are forced through layers of powders of standard packing, diffusion 
methods, and certain others. With them may also be included slurry analysis, i.e., elutriation (fractionation) of 
suspensions, air-separation methods, the micro method of sedimentometric analysis, and various methods based 


on the use of centrifuges. 


Without discussing the merits and applicability ranges of these methods, we may note that probably one of 
the most promising methods for studying dispersity in highly disperse materials is based on the use of centrifuges. 
This apparatus was first used by Dumanskii [2] for determinations of particle size in colloidal solutions. Various 
types of so-called supercentrifuges and ultracentrifuges were subsequently introduced for investigations of highly 
disperse and colloidal systems. Hauser and Lynn [3] have described a method for sedimentometric analysis of 
highly disperse materials by means of the Sharples ultracentrifuges. Svedberg [4], Nichols, and others designed 
a series of ultracentrifuges giving extremely powerful centrifugal fields, up to 9- 10° g,and used them in polymer 
studies. The molecular weights of many high polymers were determined by means of these ultracentrifuges. 
Rinde [5] used one of the earliest models of the ultracentrifuge for sedimentometric determinations on colloidal 
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TABLE 1 


Particle-Size Distribution in Quartz Suspensions 


Contents of fractions, wt. % (particle radii, 1) 


Method of analysis 


04-o9foss-o9fo,6-.7)7—09]0,8-09]0.9—1.0] 1,0. Ltta]t.2-1.9 1,5—2,0 


Glass microbalance] 5 95 44 | 8 5 4 3 2; 3 34 
9 


Centrifugal balance 3 | 24 16 | 9 9 8 8 14 — 


TABLE 2 


Particle-Size Distribution in Gypsum Suspensions 


Contents of fractions, wt. % (particle radii, 1) 
Method of analysis 


jo2—nal 0,3-04)04-0,5 0,5-0, 0,6-0,7 0.1-0,50.8-0,9|0.9-4,0 10-1. 1,5—2,0 


Glass mictobalance| 4 3 5 8 47 7 4 2 44 44 
Centrifugal balance| 1 4 8 14 16 43 12 44 24 25 


Fig. 1. Diagram of centrifugal 
sedimentation balance: 1) rota- 
ting disk; 2) shaped cell; 3) 
sedimentation cup; 4) spring 
connecting the rod to the disk; 
5) moving mirror; 6) retaining 
spring for mirror; 7) support; 
8) protective housing; 9) scale; Fig. 2, Particle-size distribution curve for 
10) light source. quartz suspension: an area of 1 cm? corres- 
ponds to 2% of the disperse phase by weight. 
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gold sols. Tube-type supercentrifuges [6-9], which give fairly high centrifugal accelerations (up to 4 104 g) 
are now being used fairly widely for fractionation of suspensions. However, most of these instruments are gener- 
ally used for special purposes only, and many of them are unique models. 


There is no need at all to use centrifugal fields of high intensity for investigation and treatment of the 
coarser systems, with particles in the 0.1-2y range. Sedimentometric analysis of such systems is quite feasible 
with the aid of low-speed centrifuges, with rotating speeds of 1000 to 6000 rpm and centrifugal accelerations 
from 500 to 4000 g. The mani difficulty in the use of low-speed centrifuges for sedimentometry lies in the 
choice of a principle and a practical method of continuous determination of the sedimentation rates of the 
particles in the centrifugal field. It seemed that this problem could be solved most simply with the aid of a 


centrifugal sedimentometric balance, i.e., an instrument in which the settled particles are weighed either in 
the centrifugal field or by means of an ordinary balance linked by a special’ device to the rotating objects to 
be weighed [1]. 


Attempts to perform sedimentometric analysis of highly disperse suspensions with the aid of the first models 
of a centrifugal balance designed by one of us [10] were not successful. It was found that the friction in the 
hinges and rods connecting the pan to the weighing device was so high that the sensitivity of the instrument was 
greatly impaired. Completely reliable results cannot be obtained with such an instrument. 


During recent years we have attempted to improve our original design of the centrifugal sedimentometric 
balance, Several instruments were designed, and one of them was constructed with the aid of specialists in the 
mechanical workshops of the Chemical Faculty of the Moscow State University, This instrument can be used for 
determination of distribution curves of highly disperse mineral suspensions with an adequate degree of reliability. 


According to Svedberg [4] and Rinde [5], the radius of a settling particle can be calculated from the 


formula: 
v4 On In 22 (i) 
r= \ = 


2 (D — d) w* (tg — t) ° 


where r is the equivalent particle radius; w is the angular velocity of the centrifuge; x, is the distance from the 
center of rotation to the surface of the centrifuged suspension; x, is the distance from the center of rotation to 
the bottom of the cell; D is the density of the particle substance; d is the density of the medium; 7 is the vis- 
cosity of the medium. 


According to Svedberg and Pedersen [4], the error in approximate calculation of particle size by the 
equation 


ee eee ee @) 
ath Vi (D— d) (x1 — 22) w? (tg — ty) 


does not exceed 1% provided that x,/x,;< 1.4. The probable experimental error, estimated at about 2%, exceeds 
the calculation error. 


Thus, in the design of centrifugal instruments for sedimentometric determinations it is more convenient 
to use large rotors, and the smallest possible sedimentation cells. 


It may be noted that simple relationships may be used for calculating the accleration developed in the 
centrifugal field and for comparing it with gravitational acceleration. It is known that w = v/x, where v is the 
linear velocity of a rotating point at a distance x from the center of rotation. 


The centrifugal acceleration is: 


(3) 
UR a a 3 (Fe) 
c= Fi = WT = 60 ° 


Hence, it is easy to calculate the ratio of centrifugal to gravitational acceleration. 


Our instrument was based on a low-speed centrifuge of n = 1500 rpm. The centrifuge was driven by a 
stable direct-current motor. The distance x, from the center of rotation to the bottom of the cell containing the 
suspension was 27 cm; x, = 22cm. The ratio x2/x, = 1.23, The centrifugal acceleration developed in the 
centrifuge (Xay = 25 cm), calculated from Equation (3) was 628 g. The acceleration time of the centrifuge was 
30 seconds. 

The centrifugal balance (Fig. 1) was designed as follows: two cells, shaped for convenient filling and 
emptying, were fixed diametrically opposite each other on a rotating disk. One of the cells was filled with the 
suspension, and the other with pure dispersion medium. This served to balance the centrifuges during the experi- 


ments, ~ 
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Two aluminum cups 3 of equal weight, fitting freely into the cells, were attached to the ends of a rod 
passing through the center of rotation. The rod carrying the cups were attached to the centrifuge disk by means 
of two springs 4 which allowed it to more along its own axis. When the suspension settles the weight of one of 
the cups increases; the rod moves in the direction of this cup and deflects the mirror_5 attached by means of the 
spring 6 to the support 7 near the center of the disk. The sedimentation curve is plotted from the displacement 
of the light spot reflected from the mirror. As in any balancing device with arms of equal length, the displace- 
ment of the light spot must be strictly proportional to the load. A special check experiment confirmed this 
proportionality. The instrument proved to be quite sensitive. 


This centrifugal balance was used for sedimentometric studies of aqueous suspensions of highly disperse 
quartz and suspensions of gypsum in ethyl alcohol. 


The 1% quartz suspension was prepared from a powder made by crushing of quartz glass with subsequent 
elutriation of the fine fractions settling a distance of 10 cm in 24 hours and over. The powder so prepared was 
purified by treatment with acids and subsequent prolonged washing with hot water. 


Gypsum powder was prepared by grinding of fairly coarse material in a vibratory mill for 30 minutes. The 
two samples used for preparation of the suspensions were chosen in order to compare the results of particle-size 
distribution determinations with the aid of the centrifugal balance and by m unas of ordinary sedimentometric 
analysis with a glass sedimentometric balance. It was taken into account that in comparison of these results 
agreement can be approximate only, as sedimentometric analysis of such fine suspensions in the Earth's gravita - 
tional field involves the difficulties mentioned earlier in this paper. 


The particle-size distribution of quartz suspensions determined by the two methods is given in Table 1. The 
ordinary sedimentometric analysis with a glass balance was carried out with a sedimentation height of 5.4 cm. 
The analysis lasted 45 hours. The results given by the two methods are very close. However, the low content of 
the coarse fractions given by the centrifugal sedimentometric balance cannot fail to be noticed, The explana- 
tion is that coarse fractions partially settle out even while the centrifuge is starting up. 


Duplicate experiments with the centrifugal balance show good reproducibility, as is clear from Fig. 2. 


Table 2 contains data on the particle-size distribution of gypsum suspensions in ethyl alcohol, determined 
by the two methods. Sedimentometric analysis with the glass balance took 192 hours with a sedimentation height 
of 5.5 cm. : 


As with the quartz suspension, sedimentometric analysis by means of the centrifugal balance gives a lower 
content of the coarse fractions for gypsum suspensions. However, the maxima on the distribution curves deter~ 
mined by the two methods coincided satisfactorily. 


These determination results demonstrate the undoubted advantages of the use of the centrifugal balance 
for sedimentometric investigations of highly disperse suspensions. In all our experiments the analysis took 3-5 
minutes, whereas the usual method of analysis required several days, and this inevitably introduced various errors. 


In conclusion we may note that for mass analyses of various suspensions it would be desirable to have an 
instrument which can be used at different rotation speeds, for example, from 3000 to 300 rpm, so that the analysis 
should take from 5 to 10 minutes, In such cases the start-up time’ of the centrifuge may be disregarded alto- 
gether. 


SUMMARY 


1. An instrument for sedimentometric analysis of. suspensions in a centrifugal field is described. Data on 
particle size and particle-size distribution of highly disperse materials can be easily obtained with this instru- 
ment, 


2. Sedimentometric data are presented on highly disperse suspensions of quartz in water and of gypsum in 
ethyl alcohol, determined by means of the centrifugal balance and by ordinary sedimentometric analysis in the 
Earth’s gravitational field. The results given by the two methods are in satisfactory agreement. 
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INVESTIGATION OF THE COLLOIDAL NATURE OF POLYSACCHARIDES 
BY A HYDROLYSIS METHOD 


Vee i. Sharkov and Vv. P. Devanova 


Scientific Research Institute of the Hydrolysis and Sulfite Alcohol Industry, Leningrad 


In a series of earlier investigations it was shown by one of us [1] that the hydrolysis rate of cellulose depends 
to a considerable extent on whether the reaction is effected under homogeneous or heterogeneous conditions. The 
highest hydrolysis rate was observed with homogeneous solutions of cellulose, when there were no serious steric 
obstacles to the access of catalyst to each macromolecule. If the same reaction in conducted under hererogeneous 
conditions, access of catalyst into the depth of the cellulose macromolecules is hindered, and the reaction rate is 
accordingly lowered 60- to 100-fold. This effect was subsequently used in investigations of the colloidochemical 
nature of solutions and gels of various polysaccharides. 


For example, it was found that the hydrolysis rate of cellulose in apparently homogeneous solutions in 
sulfuric acid varied according to the conditions used in the dissolving process [2], probably because of differences 
in the size of the colloidal particles of the solute. The same method was used for investigation of agar solutions 
and gels [3]. 


In the present investigation measurements of the hydrolysis rate were applied to a study of the colloido- 
chemical nature of starch ahd wood hemicelluloses. 


Starch, Potato starch, previously washed thoroughly with cold water and dried in air, was investigated. 
Quantitative hydrolysis of this starch by 10% sulfuric acid at 100° yielded 100% of glucose, which corresponds to a 
99.01% polysaccharide content. 


The hydrolysis rates of starch in heterogeneous and homogeneous conditions were compared by means of 
a series of experiments in which starch samples were first covered with water at 20°, then heated to 50-100°, and 
held at these temperatures for 1 hour with continuous stirring. Preliminary experiments showed that as the result 
of swelling in water the grains of potato starch increase 2.7-fold in diameter at 50°, and 1.6-fold at 40°, as com- 
pared with the diameter in water at 20°, Despite the 2.7-fold increase of the average grain diameter at 50°, the 
solubility of starch under these conditions was only 0.2%. At 60° and above, a homogeneous paste. was formed. 
At the end of the heating each sample was cooled to 50°, and 25% sulfuric acid heated to 50° was added to it, 
with vigorous stirring, in an amount necessary to give a 10% solution of sulfuric acid with a polysaccharide con- 
centration of 0.5%. The samples were then put in a thermostat for 24 hours:at 50°, At the end of this time, 
glucose contents of the samples were determined by the ebullioscopic method. The glucose content was converted 
to polysaccharides by means of the conversion factor 0.9, and the result was used to calculate the hourly rate 
constant of polysaccharide hydrolysis (from the first-order equation). 


The results are presented in Table 1. 


The values of the coefficient 8 in Table 1 represent the ratio of the hydrolysis rate of a given sample of 
starch to the hydrolysis rate of a sample treated with water at 50°, 


It follows from Table 1 that the hydrolysis rate of starch in grains swollen at 50° is about one-third of the 
hydrolysis rate in paste form. The temperature of paste formation, above the gelatinization temperature, has no 


significant influence on the rate of starch hydrolysis in solution, 


349 


TABLE 1 


Hydrolysis at 50° of Starch Grains Treated with Water at Different Temperatures 


Hydrolysis rate constant, 


Amount of polysaccharides 
K-10", br7! 


hydrolyzed, %of starch taken 


Temperature of prelimin- 


6 Coefficient B =Kt°/Km° 
ary water treatment, Cc 


a ge 


50 1.00 
60 2.9 
70 2.85 
80 2,84 
90 3.01 
100 3.01 
TABLE 2 


Comparison of Hydrolysis of Starch at 40° in Grain and Paste Form 


Starch treated with water at 40° Starch treated with water at 100° 


Hydrolysis time, hours 


polysaccharides 
hydrolyzed, % of 
sample 


polysaccharides 
hydrolyzed, % of 
sample 


Average 


TABLE 3 


Effect of Preliminary Treatment on the Hydrolysis Rate of Starch 


Type of Starch 


Coefficient p 


Starch grains swollen in water at 


40° 1.00 
Paste made at 100° 5.1 
Dried paste 4.1 
Ground starch grains 3.8 
Repeatedly -frozen starch grains 1.02 


TABLE 4 


Hemicellulose concentration, % 


K. 108, hr™! 
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It seemed likely that the rates of starch hydrolysis 
in homogeneous and heterogeneous conditions should 
differ even more if the hydrolysis is carried out at 40°. 
Two series of experiments were performed to test this 
hypothesis; in the first the starch was first swollen in 
water at 40°, and in the second, it was heated in water 
for 1 hour at 100°. Sulfuric acid was then added to 
samples of both series to an acid concentration of 10% 
and a polysaccharide concentration of 0.5%, After 
vigorous stirring the samples were placed for different 


eae vow 


0 1 i 3% times in a thermostat at 40°. The results were analyzed 
Starch concentration as before. The values of the constant are given in Table 
Variations of the hydrolysis rate constant of Dis 
gelatinized starch with its concentration in 
ae. For comparison, hydrolysis experiments were per- 


formed under the same conditions on starch paste pre- 
viously dried at 100°, dry starch grains ground dry in a 
vibratory ball mill, and starch grains frozen 15 times in water at -15° by Kleukova's method [4]. 


The average results are presented in Table 3. 


It is clear from Table 3 that the rate of starch hydrolysis varies greatly with the conditions of preliminary 
treatment. 


For example, if the temperature at which the starch is treated with water, is lowered from 50 to 40°, the 
difference between the hydrolysis rates of starch in grain and paste form increases, Thus, when the swelling and 
hydrolysis temperature is 50°, the coefficient 6 is 2.9-3.0, whereas at 40° the value of the coefficient is 5.1. 

At lower temperature the difference becomes even greater [5] and approaches values characteristic for cellulose. 


Acceleration of the heterogeneous hydrolysis of starch grains with increase of temperature is probably the 
consequence of increased swelling at higher temperatures. 


When starch grains are gelatinized their structure is changed, and is not restored by dehydration of the 
starch paste. A similar effect is observed in hydrolysis of stach grains after preliminary dry colloid milling. It 
seems that ground starch grains and dried paste swell and dissolve in water at lower temperatures than ordinary 
starch grains. 


It is interesting to note that starch grains repeatedly frozen in water by Klenkova's method, which become 
capable of retaining considerable amounts of nonfreezing water, were not hydrolyzed at appreciably higher rates, 
which showed that this treatment does not produce appreciable changes in the starch grains, 


- In the light of the foregoing, it was of interest to investigate the hydrolysis rates of starch pastes of differ - 
ent concentrations. It was likely that with decreasing concentration of the starch its colloidal particles should 
break down into smaller ones, and this should result in an increase of hydrolysis rate. 


To test this hypothesis, starch solutions of different concentrations were prepared by the action of heat in 
water at 100° fer 60 minutes. The solutions were cooled to 40° and 25% sulfuric acid was added to give mixtures 
containing 10% sulfuric acid. These starch solutions were hydrolyzed at 40° by the method described above. The 


results are shown in the graph. 
It follows from the graph that the hydrolysis rate: of starch in pastes cooled to 40° depends on its concen- 


tration, increasing with decrease of concentration. This confirms the above hypothesis that the dispersity of 
starch in solution increases with decreasing concentration. 


Hemicelluloses. Hemicelluloses insoluble in cold water were prepared by extraction in alkali from 
bleached spruce sulfite pulp, which was mercerized by the action of 18% caustic soda for 1 hour at 15° at 1:7 
liquor ratio. 


At the end of the mercerization the alkali was pressed out in a hydraulic press, filtered carefully through 
a No. 4 Schott filter, and mixed with double its own volume of ethyl alcohol. The precipitated alkali hemicellu- 
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lose compound was filtered off, washed with alcohol, and decomposed by 10% alcoholic solution of acetic acid 

in the cold. The insoluble hemicellulose precipitate was washed with alcohol and ether, and dried in a thermo- 
stat at 60°. The resultant hemicellulose preparation was a fine white powder, insoluble in cold water; it consisted 
of easily-hydrolyzed polysaccharides which included 30.9% mannan, 41.5% pentosans, 9.3% uronic acids, and 17% 


glucosan. 
The hydrolysis rate of these hemicelluloses was determined at 40° by the method described above for starch. 
Table 4 gives the average values of the hydrolysis rate constant of hemicelluloses at different solution 
concentrations. 


It follows from the data in Table 4 that the hydrolysis rate constant of hemicelluloses also depends on theit 
concentration. This experiment also demonstrated that aqueous solutions and suspensions of hemicelluloses and 
starch at the concentrations generally used in investigations are not molecularly dispersed. Evidently for this 
reason, experiments on the fractionation of hemicelluloses into the individual components do not give satisfactory 


results, 


These experiments show that measurements of the hydrolysis rates of polysaccharides can be used, equally 
with other investigation methods, for characterization of their structure and behavior in solution. 
SUMMARY 


1. The colloidal state of starch and wood hemicelluloses can be characterized by determinations of their 
hydrolysis rates, 


2. Preliminary gelatinization or dry grinding increase the hydrolysis rate of starch at 40° 4- to 5-fold. 
3. The hydrolysis rates of dissolved hemicelluloses and starch increase with decrease of concentration, in- 
dicating a decrease in the size of their colloidal micelles. 
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PREPARATION AND STUDY OF THE THIXOTROPIC PROPERTIES OF 
A SUSPENSION OF HIGHLY DISPERSE ASKANGEL FRACTIONS * 


M. E. Shishniashvili and A. I. Avsarkisova 


Laboratory of Colloid Chemistry, Institute of Chemistry, Georgian SSR, Tbilisi 


Clay suspensions made from coarsely disperse clays, mainly of the kaolinite type, generally do not conform 
to drilling requirements. Because of the high concentration of the solid phase (30-40%) the thixotropy is low and 
the properties of these suspensions (viscosity, density, etc,) are difficult to control. The additives used in drilling 
practice (alkaline coal extract, sulfite waste liquor, carboxymethylcellulose, etc.) cannot confer adequate 
colloidal properties on coarsely disperse systems such as kaolinite clay suspensions [1]. 


Therefore, the production of highly colloidal clay suspensions for complicated deep oil-well drilling is a 
very topical problem. Such suspensions may be made from bentonites, of which the clay mineral montmorillon- 
ite is the principal component. Suspensions of alkaline montmorillonite are highly thixotropic at 4-6% concen- 
trations. 


One of the most characteristic representatives of the bentonite group found in the Soviet Union is askangel, 
the fine fractions of which are alkaline montmorillonite [2, 3]. The native form of askangel is polydisperse over 
a wide range of particle size. 


The presence of coarse fractions (their content is ~ 30%) has a very adverse effect on the colloidal proper - 
ties of askangel suspensions, It therefore became necessary to isolate its fine fractions (particles << ly). It 
must be pointed out that highly disperse askangel fractions are likely to find extensive uses in other branches of 
industry in addition to drilling [4-7]. 


The existing methods of evaporation or supercentrifugation of dilute suspensions of highly disperse askangel 
fractions (for preparation of “askancoll”) [8] are very limited in their applicability. 


The main purpose of this investigation was to find rational conditions for isolation of highly disperse frac - 
tions from askangel. Account was taken of the peculiarities in variations of the surface-chemical properties of 
aluminosilicate systems (gels, clays, etc.) under the influence of various electrolyte solutions (9, 10]. 


In accordance with the intensity of the coagulation process under the influence of hydrophobizing elec - 
troyles, particles of askangel suspensions become more stably bonded and form compact aggregates, tending to 
visible coagulation. Chlorides of bi- and trivalent cations are the most active electrolytes [11]. Because of these 
properties, it is possible to bring about phase separation in highly disperse askangel suspensions with particles 
<< 1y at low electrolyte concentrations, with the aid of the ordinary types of industrial high-output centrifuges 
(2000-3000 rpm). The same high-output centrifuges were used for preliminary separation of coarse fractions 


(> lu). 


The hydrophobizing electrolyte used was BaCl,. Having the higher adsorption energy, Ba’* displaced the 
Nat adsorbed on the askangel particles. The suspension became unstable and syneresis took place, After separa~ 
tion of the dispersion medium a paste consisting of highly disperse askangel fractions was obtained. We gave 
the name of coagulate paste to this intermediate product. 


* Presented at the Fourth All-Union Conference on Colloid Chemistry, Tbilisi, 1958. 
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TABLE 1 


Composition and Exchange Capacity of Askangel and Its Fractions 


Contents of exchange cations and anions, Total ex- 
meq/100 g eto 
ua Nat (by | oe meq/100 g 
differ - | Ca | Batt | Alt | 804 cl- askangel 
ence 
Askangel 37,8 49,4); — — | 6,0 | Traces 86,9 
ti 1 
Coarse fraction >1 p one 1308) Seltas i 66,4 
Fine fraction << 1 yp 59,8 | 39,0} — — | 3,4 » 98,8 


TABLE 2 


Separation of Coarse Fractions from Askangel Suspensions by Means of Centrifugation 


Waste coarse frac- 
tions, % 


Concentration of 
settled paste, % 


Capacity of model in- 


Centrifuge speed, 
dustrial centrifuge, kg/h 


rpm 


Concentration of 
suspension, % 


TABLE 3 


Analysis of Filtrates of Coagulate Paste at Different BaCl, Contents 


BaCl, taken meq/100 g of askangel 
H of 
% on askan-| meq/100g of P 2+ 2 = 
gel | askangel filtrate oh a a 
5 50 6,03 5,32 3,86 64,05 
3,5 35 5,98 3,0 1132 49.73 
275 25 5,99 114 0°35 3995 
1°5 45 598 0/78 |Notfound | 29/98 
TABLE 4 


Determinations of Exchange Ba”* in Coagulate Paste by Analysis and by Conductometric Titration 


Determination of Ba”* by con- 


BaCl, taken for coagulation of Content of exchange Ba”” in 
ductometric titration, meq/100 g 


highly disperse suspension, meq/100 g| KC] extract, meq/100 g 


45.9 


35 30,2-31.9 
25 22.4 
15 13.2 
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TABLE 5 


Comparative Characteristics of Suspensions of Askangel, Askancoll, and Enriched 


Askangel 
, } Con- Viscosity, Page dynes/cm? 
Suspension centra- |sp, gr, |centi- OE aE Pe ep 
tion, % poises Py Pmax 
Askangel 4,06 1,038 8,0 Tyee, oe 53 100 0,9 
5,08 | 4,050] 16,4 | 8,53|7,971 57 225 3,0 
7,74 | 4,060] 46,0 | 10,8 | 8.24] 57 330 4,8 
8,01 1,064 | 140,0 | 14,9 | 8,25 66,5 | 424,5 5,4 
Askaticoll 4,04 4 026 68,0 8,83 | 8,07 61,8 | 294,5 3,8 
4,52 4,030 | 106,2 9,37 | 8,15 66,5 | 4410,0 ee | 
4,95 PGA Igo, tO.4. | 8.20:| 22a,0. | pot,o 4,4 
Enriched askangel| 4,01 1,026 7,0 5,92 | 8,29 53 220 2,8: 
5,04 4,030 79,4 7,93 | 8,23 53 520 8,4 
5,97 4,040 | 120,0 8,75 | 8,24 50 615 14.3 


Liquid ,% 


0 1 2 3 4 Ball,,% 


Fig. 1. Separation of dispersion medium 
(centrifugate liquid) from a coagulated 
2% suspension of highly disperse askangel 
fractions as a function of the BaCl, con- 
centration and pH: 1) pH 7.07; 2) pH 
6.57; 3) pH 5.993 4) pH 4.93. 


4 5 6 7 8 
Concentration of suspension, % 


Fig. 3. Effect of suspension concentration 
on the coefficient of thixotropy (Ky): 1) 
askangel; 2) askancoll; 3) enriched 
askangel. 


04 08 42 46 
Na,50,.m1 

Fig. 2. Conductometric titration 

by 0.27 N NajSQ, solution: 1) 

25 ml of 4% suspension of coagu- 

late pastes 2) 25 ml of 4% askan- 

coll suspension; 3) 25 ml of 

aqueous BaCl, solution. 


To bring back colloidal properties, the coagulate 
paste was peptized (reverse peptization) by means of 
sodium sulfate, when Nat displaced Ba”*, and owing 
to the formation of insoluble BaSO, the exchange reac- 
tion went almost to completion. The product, similar 
to the American aquagel, was named enriched askangel. 


The composition and exchange capacity of the 
askangel sample taken for the experiments and of its 
coarse and fine fractions are given in Table 1. 


The composition of the exchange complex was 
determined by the Gedroits method, KC1 and (NH4),SO, 
extracts being obtained by repeated treatment (up to 
20-25 times) with 1 N solutions of these salts. The 
total exchange capacity was also determined by the 
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Gedroits method by preparation of Ba” - substituted askangel. The absorbed Ba”* was then displaced by the 
action of 1 N KCl solution [12]. 


To prepare the suspension, the askangel was first soaked in water in 1:5 ratio, and the swollen mass was . 
ground in the doughlike state. 


For separation of the coarse fractions, laboratory models of industrial centrifuges of the sedimentation 
type were tested at various rotor speeds*. The results of these experiments are given in Table 2. 


It follows from Table 2 that the most complete removal of coarse fractions was achieved at a suspension 
concentration of 2.3% and a centirfuge rotor speed of 1620 rpm. Sedimentation analysis of the centrifugate showed 
a content of over 95% of particles of equivalent radius < 2y. 


In subsequent experiments under laboratory conditions the coarse fractions were separated by sedimentation 
from 3,0-3.5% suspensions. The yield of coarse fractions was ~30%. The decanted suspension of highly disperse 
askangel fractions was treated with BaCl, solution after acidification with hydrochloric acid to pH 5.0-7.5. 
Experiments on the separation of the dispersion medium from hdroyphobized suspensions were carried out in a 
tube-type laboratory centrifuge at rotation speeds of 1000-1500 rpm (Fig. 1). 


It follows from the curves in Fig. 1, that decrease of pH does not lead © a sharp increase in the yield of 
coagulate paste. Therefore, in the subsequent experiments the suspension pH was 6, which corresponded to 
14-15 meq of HCI per 100 g, or 0.4% on the askangel weight. Lower pH values may have caused chemisorptive 
changes on the surface of the askangel particles. The optimum BaCl, concentration is 2.5% on the weight of 
askangel in the suspension (25 meq/100 g of askangel). This amount of BaCl, corresponded to the start of 
syneresis. At higher BaCl, concentrations, the yield of coagulate paste increased only slightly. 


In experiments under semiproduction conditions, with a vertical centrifuge of the sedimentation type, 
the concentration of the coagulate paste was not high enough, but phase separation was complete and losses of 
highly disperse fractions with the centrifuge were very low. 


Under laboratory conditions a large amount of coagulate paste was prepared by means of vacuum filtration. 
Analytical data for the filtrates with different BaCl, contents are given in Table 3. 


It follows from Table 3 that the Ca”* contents of the filtrates are low. It seems that Ba’* largely displaces 
the Na’ adsorbed on the askangel particles. The losses of BaCl, with the filtrate are negligible. Chloride ions 
pass almost completely into the filtrate and are not adsorbed by the askangel particles. 


The coagulate paste made by vacuum filtration, with the use of 2.5% BaClg, consists of a concentrated 
paste of 25-30% of highly disperse fractions (particles << 14) of askangel aggregated by the action of BaCl, 
and HCl. 


The next stage in the preparation of enriched askangel is reverse peptization (as indicated earlier) by the 
action of sodium sulfate. 


It is known from the work of Antipov-Karataev [13] that Ca** has selective exchange properties with 
respect to bentonite, with regard to its displacing power, when in competition with Ba?*, Therefore, (with the 
higher solubility of CaSO, also taken into account) the replacement reaction in presence of Na,SQ, proceeds 
in the direction of displacement of Ba”* and formation of BaSO,. This is clear from the results of conductometric 
titrations of a suspension of coagulate paste by Na SQ, solution. The titration results were checked by deter - 
minations of Ba”+ in a KCl extract of the coagulate paste (Table 4), 


Fig. 2 shows curves for variations of conductivity, of a suspension of coagulate paste made with the use of 
2.5% BaCl, (0.0010 g/ml), askancoll, and aqueous BaCl, solution (0.0010 g/ml), under the influence of Na,SO,. 


The inflection on the titration curve of the coagulate suspension paste almost corresponds to the stoichio- 
metric amount of BaCl, (22 meq of NapSO, per 100 g of askangel) and virtually coincides with the inflection on 
the titration curve of an aqueous BaCl, solution (25 meq of Na,SQ,) and with the results of analytical determina - 
tions of exchange Bat (see Table 4). The change in the conductivity of askancoll suspension under the influence 
of Na,SO, is represented by an ascending straight line. 


*This part of the work was carried out with the assistance of L. M. Poleshchuk. 
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The suspensions of enriched askangel had relatively low pH values (6.7-6.8). It is known that the 
peptization optimum for clay in aqueous media corresponds to pH 8-9, It was found from the results of our ex- 
periments that maximum peptization of enriched askangel also corresponds to pH 8-9. Therefore, enriched 
askangel paste was treated with 0.1 NaOH solution to a pH value of 8.25 (equilibrium value). The amount of 
NaOH required for this was 0.13% on the weight of askangel in the suspension, or 3.2 meq/100 g of askangel. 


Suspensions of natural askangel, askancoll, and enriched askangel of different concentrations were prepared 
for comparative tests (Table 5). 


The structuromechanical properties of these suspensions were characterized by the kinetics of thixotropic 
buildup, yield value (in dynes/cm’), and the thixotropic coefficient [14]. 


These parameters were determined by means of the Veiler-Rebinder apparatus [15]. 


The pH and conductivity (x) of the suspensions were determined by electrometric methods, and the 
viscosity by means of the Hoeppler ball-fall viscosimeter. 


It follows from the structuromechanical properties in Table 4 that suspensions of enriched askangel are 
much more fluid and thixotropic than askancoll suspensions of the same concentrations. The thixotropic proper - 
ties of askancoll suspensions reach a maximum at 4.5% concentration and then decrease sharply, while the 
viscosity increases considerably. Suspensions of enriched askangel, on the other hand, retain high fluidity and 
thixotropy up to 6% concentration. 


Fig. 3 shows curves for the variations of Kp for suspensions of askangel, askancoll, and enriched askangel 
(22 meq NazSO, per 100 g of askangel) with concentration. 


It follows from these results that the high fluidity, thixotropy, and stability of suspensions of enriched 
askangel make it a valuable material for production of highly colloidal drilling suspensions. 


SUMMARY 


1. The possibility was studied of isolating highly disperse askangel fractions (particles << 1) by means 
of the hydrophobizing action of small amounts of BaCl, (25 meq/100 g, or 2.5% on the weight of askangel), 
which results in partial replacement of Na* by Ba’*, The phases of such suspensions can be separated in the 
centrifuge (1500-3000 rpm) or by means of vacuum filtration (with production of coagulate paste). 


2. Coarse fractions of askangel, which in its natural state contains ~30% of particles > 1, can be 
separated from dilute suspensions (~2.5%) in a vertical centrifuge of the sedimentation type (at 1620 rpm) at a 
high rate of output. 

3. The colloidal properties of the coagulate paste can be restored (by reverse peptization) by the action 
of Na gSQ, taken in an equivalent amount to the BaCl, used. Owing to the formation of BaSQ,, the reaction of 
replacement of Ba’* by Na* proceeds to completion. The resultant colloidal product (similar to the American 
aquagel), which is a fine fraction of true alkaline bentonite (askangel), has been named enriched askangel. 


4, Suspensions of enriched askangel have high thixotropy and fluidity. Therefore, enriched askangel can 
be used for the production of highly disperse drilling muds and for other practical purposes. 
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CALCULATION OF THE NUMBER OF BRANCH POINTS IN THE SPATIAL 
NETWORKS OF RUBBERLIKE MATERIALS 


L. A. Vishnitskaya 


Scientific Research Institute of the Rubber Industry, Moscow 


The theory of the deformation of spatial networks [1-6] leads to the extremely important practical con- 
clusion that a mechanical method can be used for investigating the structure of the spatial network of a polymer 
and changes taking place in it under the influence of chemical processes in the polymer. The method essentially 
consists of determination of the equilibrium modulus Eg), the value of which is a measure of the density of the 
spatial network, i.e., the number of chains N in unit volume (or the number of branch points, N/2). 


For calculation of N,various theoretical formulas which connect this quantity with the stress, deformation, 
and temperature, can be used. Most of these formulas [1-4] yield the following relationship between the above 
quantities: 


o = 3kT (NM —1/2)N, (1) 


where og is the stress calculated for the true cross section of the deformed specimen; X is the relative length, 
equal to the ratio of the length of the deformed specimen (between the marks) to its initial length; T is the 
absolute temperature; k is the Boltzmann constant. 

The Bartenev formula [5] represents a weaker dependence of the stress on the number of chains per unit 
volume: 


(2) 


1,26 kT y, 
o = (A 1), 


where J is the statistical length of a segment of a rubber molecule; a is a coefficient equal to the tatio of the 
statistical length of a segment to its length along the chain contour. 


The proportionality factor between stress and deformation in Equations (1) and (2) respectively is given 
by the expressions: 


Eq = 0,43 x10™47N, (3) 


0,24 x 10-21 */, 4 
en = : i TN Vs ( ) 
where E,, is in kg/cm’, T is in °K, N is in 1/cm® and J is in cm. 

Thus, Equation (1) indicates that Egy is proportional to N, whereas Equation (2) indicates that Ego is pro- 
portional to N2/§ 


Equations (1) and (2) have been critized on the groundsithat the assumptions on which the theories are based 
cannot always be accepted without qualification. Our purpose was therefore, to use available experimental data 
for comparing the relationship between the equilibrium modulus and the number of branch points as given by 


Equations (3) and (4) and by experimental data. 
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Statistical Segment Length for Various Rubbers 


ISKS 830A] SKS-30 


To check the validity of these equations, it is necessary 
to determine N by an independent method. Such determinations 
have been performed in a number of studies. For example, in 
one investigation [7] the vulcanization agent used was deca- 
methylenebis-n-decylazodicarboxylate, from the consumption 
of which the number of cross-links formed could be estimated. 
These results show [5, 8] that in Eg ~N coordinates [where 
(p x 100) «N] curves are obtained (Fig. 1), whereas the re- 
lationship between EO and “34s linear (Fig. 2). 


7.0 


1 


L,A 
19 


Better agreement of Equation (2) with experimental 
data was demonstrated by other investigations [9, 10]. 


In one of these [9], it proved impossible to interpret the 
vulcanization mechanism of SKS-30A rubber fractions of 
different molecular weights on the assumption that Eg, N. 
The consequence of this assumption was that for all fractions 
with molecular weights from 100,000 to 1,170,000, the number 
of sulfur atoms in the cross links increased from 1 to 8 during 
vulcanization. However, if it was assumed that E,,.@& n2/8 
it could be shown that the number of sulfur atoms in the cross 
links does not alter during vulcanization, which was to be 
expected. The vulcanization accelerator used was mercapto- 
benzothiazole which leads to the predominant formation of 
disulfide bonds in presence of the usual ingredients of rubber 
mixes [11]. 


Fig. 1. Variations of the 
equilibrium modulus of natural 
(1) and butadiene-styrene (2) 
rubber vulcanizates with p x 100. 


Eo: kg/em?* 


In the study [10] the relationship EQ N 2/8was used for 
finding the heat of formation of the cross links; the value 
found (6 kcal/mole) was consistent with the assumption that 
cross links are formed by hydrogen bonding. Further confirma - 
tion of the relationship E,, « n?/Swas provided by Bucche [12], 
who studied the dependence of the modulus of polydimethysilo- 
xane on the radiation dose, which is proportional to N. Results 


0 05 10 15 20 (p»100)* for different polydimethylsiloxane fractions are presented in - 
: g 
Ea omy ablations af tieyequiibrium pois and 2S These data lead to the same conclusions as Flory's 
modulus of natural (1) and butadiene- trap ee 
styrene (2) pees vulcanizates with , Thus, the available experimental facts indicate that the 
(p x 100¥ equilibrium modulus varies, not in proportion to the number of 


chains per unit volume, but more slowly; this is satisfactorily 

represented by the relationship Eg) oc N?4 We shall therefore, 
use Equation (4) for determination of N, taking into account the approximate character of the theory on which 
this equation is based. The reason for the discrepancy between Equation (3) and experimental data is, in our 
opinion, the assumption of the statistical independence of the network chains; this is hardly valid for a block 
polymer. Moreover, Equation (3) does not take into account the chemical characteristics of rubber structure. 
Equation (4) takes these characteristics into account in terms of the statistical segment length 7 , which enters 
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Fig. 3. Relationship between the equilibrium modulus of polydimethylsiloxane 
with the radiation dose (proportional to N), plotted in two different coordinate 
systems, for fractions of molecular weight: 1) 890,000; 2) 520,000; 3) 439,000; 
4) 220,000. 


the proportionality factor between E,, and N 2/8 There- 
fore, for calculation of the proportionality factor in 
Equation (4) it is necessary to determine 1 for different 


rubbers. 
10 oe : : 
4h” 80 NWN tad ta The statistical segment length is a structural 
Vulc. time, min characteristic of a rubber, and determines the flexibility 


of the rubber molecules. Calculation of the statistical 

segment length by means of Bartenev's equations [5] 

requires a knowledge of the structural characteristics of 

the rubber — the equilibrium modulus E,, and the limiting 

high-elastic deformation ig, equal to the ratio of the 
limiting high-elastic length Lg, to the initial length of 
the specimen Lo. Both these quantities can be determined experimentally (the methods for their determination 
have been described [5, 8, 13, 14]. 


Fig. 4. Graph showing that the statistical 
segment length of butyl (1) and SKS-30A 
(2) rubber molecules is independent of the 
vulcanization time. 


The statistical segment lengths for a number of rubbers are given in the table. The values were calculated 
from the formula [5]: 2 = p/s, where p is the effective volume of the segment; s is the effective chain cross 
section. Heres = 3y /pN Al 1, where is the molecular weight of a monomer unit (for copolymers y is 
calculated with the percentage contents of the copolymer constituents taken into account); p is the density of 
rubber in the vulcanizate [p = py (1 — a); pg is the density of the rubber; a is the fraction of nonrubber material 
in the vulcanizate]; Na is the Avogadro number; J; is the length of a monomer unit(calculated from x-ray data 
for crystallizing rubbers, while for noncrystallizing rubbers, it is calculated from known interatomic distances 
and bond angles). The values so calculated for the statisitcal segment lengths of rubber molecules are in good 
agreement with literature values, found by other workers using othermethods. Thus, Kuhn and Kuhn [15] found 
1 = 13 A for natural rubber from streaming birefringence data; in another study [16] the same method was used 
to find 7 = 10-14 A for the same rubber, which is in good agreement with our results. 


The statistical segment length gives an indication of the flexibility of polymer molecules. For example, 
for polyisobutylene J = 35.5 A [16], and for gutta-percha? = 50 A [15]. The statistical segment length for 
different rubbers increases in the following sequence; natural rubber, SKS-30A, SKS-30, SKN-40, SKN-26, 
SKN -18, butyl rubber, SKB*. 

The statistical segment length, being a structural characteristic of the rubber, should not depend on the 
density of the spatial network of the rubber over a wide range. The results in Fig. 4 show that the statistical 
segment length is independent of the degree of vulcanization over a wide range of vulcanization times, Over 


*When different rubbers are compared, the statistical segment length, which is an equilibrium value, should not 
be confused with nonequilibrium characteristics such as internal friction, values of which for different rubbers 


form a different series [17]. 


361 


the same time range, the equilibrium modulus increases 1.5-fold for butyl rubber vulcanizates and 2.5-fold for 
SKS-30A vulcanizates. 
SUMMARY 


1. Experimental data of different workers indicate that the equilibrium modulus is proportional to the 
number of chains per unit polymer volume raised to the power 2/3. 


2, Barteney’s equation was used to calculate statistical segment lengths for molecules of natural rubber, 
SKS-30A, SKS-30, SKN-40, SKN-26, SKN-18, butyl rubber, and SKB; the results were in agreement with the 
experimental results of Kuhn, Stein, and Tobolsky. 


3. Values of the constant C for these rubbers are given, for calculation of the number of chains per unit 
volume of a cross-linked polymer. 
I offer my deep gratitude to Professor G. M. Bartenev for valuable advice and comments in the course of 
this work and discussions. 
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LETTER TO THE EDITOR 


THE EFFECTS OF CERTAIN ADDITIVES ON THE SYNERESIS AND 
STRENGTH OF LITHIUM GREASE, AND ON ITS SUBMICROSTRUCTURE 


A. A. Trapeznikov and G. G. Shchegolev 


Institute of Physical Chemistry, Academy of Sciences, USSR, Laboratory of Physical 
Oleocolloids and Monolayers, Moscow 


Among the most important characteristics of lithium greases are their syneretic and strength properties. 
The effects of various organic polar substances added to the grease during its manufacture on these properties 
are of interest. We studied the effects of such additives with a model lithium grease, prepared under definite 
temperature conditions in a special cell with a narrow plane gap, which ensured that the cooling was fairly 
uniform across the thickness of the grease layer. 


A 10% isotropic solution of lithium stearate in medicinal petrolatum was cooled in two stages. The first 
stage was from 230 to 70°, after which the grease was held at 70° for 30 minutes; in the second stage, it was 
cooled to 0° and held at 0° for 30 minutes. Under such cooling conditions, the soap fibers crystallize and grow 
under conditions of a strictly-defined temperature drop. The additives were nonylic and lauric acids, introduced 
into the system before the soap was dissolved. It follows from the curves in Fig. 1, that the structural strength 
P, of the grease, determined in an apparatus with a tangentially displaced plate [1], and the oil loss S under 
pressure, determined by means of the KSA apparatus [2], greatly depend on the amounts of acids added. The 
value of P, passes through a maximum and § through a minimum; the abscissas of these values coincide [3]. In 
the case of lauric acid, the positions of both extrema lie at alower molar ratio of additive to soap than in the 
case of nonylic acid, while: the absolute value of Py is greater and that of S is less with nonylic acid. The 
opposing course of the P, and S curves indicates that these properties are closely interrelated. The greater the 
structural strength, the less is the oil loss under pressure. Fig. 2, a, b, c are electron micrographs of soap fibers 
{4] in greases containing respectively 0; 1.8. 10°*; 18: 10-* moles of nonylic acid per mole of Li stearate. Fig. 
2, d shows microfibers of soap in a grease containing 18-10~? mole of nonylic acid pet mole of Li stearate 
after storage during one year-at room temperature. It is clear from the micrographs that when the additive con- 
centration is 1.8- 1072 the fibers decrease in size, while at a concentration of 18-107? they greatly increase; this 
is-especially noticeable after aging. Aging hasa strong influence both on the decrease of structural strength 


and on the increase of oil loss under pressure. 


4 8 l2 16 
(moles additive/moles soap) 


Fig. 1. Effects of added fatty acids on strength P; 
and oil loss S under pressure, for a 10% lithium 
grease: 1) nonylic acid; 2) lauric acid. 
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Fig. 2. Electron micrographs of microfibers of lithium soap in greases with additions 
of nonylic acid: a) no addition; b) with 1.8- 10°? mole of nonylic acid per mole of 


Li stearate; c) with 18°107? mole of nonylic acid per mole of Li stearate; d) the 
same, after one year of storage. 


SUMMARY 


A study has been made of the effect of the additions of nonylic and lauric acids on the syneretic and 
strength properties of lithium grease and on its submicrostructure. With increase in the amount of the addition 
the strength of the grease structure and amount of oil capable of being pressed out pass through a maximum and 
minimum repsectively. The maximum and minimum for lauric acid are shifted in the direction of lower 
molecular ratios of the addition to the soap as compared with nonylic acid. It follows from electron microscopic 
photographs that the size and shape of the soap microfibers of the grease containing nonylic acid depend upon 
the amount of the additive and on the time of storage of the grease. 
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THEORY OF THERMAL PRECIPITATION OF HIGHLY DISPERSE 
AEROSOL SYSTEMS 


S. P. Bakanov and B. V. Deryagin 
Institute of Physical Chemistry, Academy of Sciences USSR, Moscow 


The removal of suspended foreign particles from gases by passage of the gases through a chamber in which 
a temperature gradient grad T is maintained (the thermal precipitation method) is a method widely used both in 
scientific research and in industrial practice, However, there is as yet no strict quantitative theory of this proc- 
ess,. ‘In the development of such a theory three cases must be distinguished, corresponding to different size o, 
of the aerosol particles: 1) 0, “« 2, where A is the mean free path of the gas molecules; 2) o, Xand 3) 
0, “A. The solution of the problem requires a different approach in each of these three cases, 


In this paper we consider the problem of thermal precipitation of highly disperse aerosol systems (the first 
case), Quantitatively (under atmospheric pressure) this corresponds to aerosol particles 10° cm and less in size. 


I, We consider a highly disperse aerosol system, in which a small temperature gradient is maintained, as 
a mixture of two gases — the gas itself, and dust. In this case, as in thermodiffusional separation of a mixture 
of two gases, the mixture undergoes separation, The velocity of the aerosol particles relative to the center of 
gravity of the sum of the gas molecules can be readily calculated from the Chapman~Enskog formula, obtained 
by solution of the Boltzmann kinetic equation: 


NyNg 


where n, is the number of aerosol particles per cc; ng is the number of gas molecules per cc; n= y+ Ny; Dag 
is the coefficient of diffusion in this system; kp is the thermal diffusion ratio: T is the absolute temperature, 


In general, Equation (1) should contain an additive term proportional to the concentration gradient of 
the components of the mixture (only one, since the pressure is constant and consequently the molar concentration 
gradients of the two components are equal, but opposite in sign), However, at extremely low concentrations of 
the aerosol particles, or for the limiting case of low concentrations, or if we are concerned with the rate of sepa~ 
ration at the initial instant when the concentration gradient has not yet appeared, the term as written is suffici~ 
ent, 

The unknown quantities Dy2 and k-y can be calculated by the Chapman~Enskog method; they are expressed 
in the form; 


(2) 


ky = (Mm pMo cA Aoi + Me oe A Ap—1) / Ago: (3) 


where k is the Boltzmann constant; Myo = Ny /n, Ngog = Ne/ n; my and mg respectively are the masses of an aerosol 
particle and a gas molecule; Ago, A, Ag; and Ag. are certain determinants of infinite order. 
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In calculation of the velocity of thermal precipitation we confine ourselves to the first approximation, In 
this case the determinant A is of the form: 


A= |4-19 Qo 9 Mo I, (4) 


and the determinants Ago, Aga) and Ag-y are minors to A, corresponding to the elements apo 494 and ao-3. For 
calculation of apq it is necessary to start with the law for the interaction of the gas molecules with each other 
and with the aerosol particles (it is obvious that in all practical cases ny “ ng, and collisions between the 
aerosol particles may be disregarded), First, we consider the case when all the interactions conform to the law 
of collision between elastic spheres, Calculation of apg then presents no difficulty, and the values can be taken 
directly from Chapman and Cowling’s book [1]. For the case m4 >> My, we have 


2rkT \"/2 D} 
Ay 9 = 4s ( ae ) Sha 


QukT \¥: 
mim | Mi YP ot as 


ag = 2m}" (=) fete: (5) 
ayy = — my (A) "oh 5; 
a1i= [me 1 (30 ++ 13m, + 16m, 3) + 4 V2 Ny 2 (=. -)* m ms} | ae S193 
7 io | 30m 1+ 413 -+ 16m, + 4 V2 Ne i ) |G" oi a 


Here mg = Me/ m4; Gg is the average diameter of a gas molecule; 049= Yo (oy + Og). 


Equations (5) can be simplified somewhat. When o, ~10°%-107%cm 12 ® 404. The mass of 
an aerosol particle oH this size is ms ~10°™ - 10°79 5, Consequently, mg, ~ 107 — 104, Finally, if it is 
assumed that ny = 10%, then ng, = 10% ng) ~ 1. Hence we have: 


30 Me 1 /2nkT\*h 
a dare a1 (aE 2, 


4 Me . ls 


cava 4 Bm (2) Co : 


ms 


Further, in this case 


A = 30mgrmg 1+ V2 m1 (22) (=*)"oh, 


*/o QkT 

Ay. = — 2mz'mi VD Noy (= ) of; (7) 

AS ee 

dana = Eas 22) 

Hence 
5 45 QukT 4 

kr —— > ° ere 1 ( ma ) oi / A, 0» (8) 

epee ett od ( ¥2 grad T 
8 42 ngo2 \2nma/ (AL (9) 
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or, substituting into (9) the known expressions for the mean velocity of the gas molecules @, and the free path A 


3 8kT\'/2 
el ra) oe 
4 
= —— ’ 11 
V2 Neton ( ) 
we finally have 
ne 15% ,- grad T ee 
w= — 755 hey ® T = — 0,37 7 cs grad f. (12) 


Thus, the velocity of thermal precipitation when o,; “A is independent of the particle size and is in- 
versely proportional to the square root of the average temperature and pressure of the gas. The velocity u at 
atmospheric pressure, T = 300°, and grad T = 30°/ cm for air is of the order of 0.25 mm/ second, 


It should be noted that Einstein [2] derived an equation of similar form for the velocity U. 


u =— 5 Rey gradT = — 0,125 2 cy grad T, (13) 


with a numerical coefficient about one third of that in our equation. 


IL For consideration of more general cases, of greater physical reality, of the interaction of gas molecules 
with the surfaces of aerosol particles it is more convenient to use another method, applied by us earlier [3] to 
solution of the problem of "diffusiophoresis® of small particles. This method consists of calculation of the re- 
sultant force with which a nonuniformly heated gas acts on an aerosol particle suspended in it. 


Let a small constant temperature gradient be maintained in the gas. Then the distribution function for 
the gas molecule velocities can be written in the form: 


ria a jo E ie ay" 7B ie T| (14) 


ms 
where 


2 
mC, 


m /, —— 
fee na( smn) e 2KT ‘ 


6°) is the equilibrium Maxwell distribution. 


> > => 14, —> 
It can be shown (see [1]) that B= B(C)C, where C = (aa) ‘©, and that B can be resolved into 
series by the Sonine polynomials: 
BS Sia,ae, (15) 
0 


and 2,= 0. Taking only the first term of the series, which is an adequate approximation of the same order as 
in the first section of this paper, we write B in the form: 


B = aa) = 4,5!) (CVC. (16) 
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The method described in [1] (see also [3]) can be used to calculate ay. On the assumption that the interaction 
of the gas molecule is elastic, ay has the value: 


45 Tig \*/2 
a= 7% CE Ngh. (17 
Hence Equation (14) may be written in the form: 
a) fof y 1 15e* % 94) (02) Gr prad T (14°) 
om F [8 + Tee SEP ( )C-grad/'|. 


A small aerosol particle placed in a gas in which a temperature gradient is maintained, without affecting the 
distribution (14), acquires in addition to its random Brownian movement an ordered component of its velocity 
W. The magnitude of this velocity that the average impulse per second transmits to the particle during col- 
lisions of the molecules is zero. For convenience in calculation, we adopt a system of coordinates moving to~- 
gether with the particle, The distribution Equation (14") is then transformed as follows (subsequently, the sub- 
script 2 in the symbols ng, cy, and mg is omitted; it will be remembered that these quantities refer to gas mol- 
ecules): 


8 > > ah > 
en (<7) hs (G40) E ee = — a 59 (C2) C grad T| : (18) 


> 1 e —> ' - 
where | U= (ser) u. At sufficiently low values of grad T, u ~ grad T < c, We, therefore, disregard terms con- 


taining uw’ and terms containing the product u grad T. We resolve the exponent in Equation (18) into a power 
series of the small ratio u/c; taking only the first-degree term in this resolution we have 


9/, > tf, — 
f= alot o 200 + GY Cnt], om 
or 
a, —= wh > 
f? =n (spp) e-% [1 — 260+ 5 C grad T]. (18") 


We first calculate the number of molecules colliding with an element dS of the surface of a spherical particle, 
For this we multiply f() by -c cos ¥, where ¥ is the angle between the velocity € of the molecule and the 
normal fi to dS at the instant of impact, and integrate with respect to angles and velocities: 


dN® = — Was cos psin bdhdpc*dedS. . (19) 


If the angle between ¢ and UW is denoted by , we have from spherical trigonometry 
cos ¥ = cos } cos 8 + sind sin 9 cos 9, 
where @ is the angle between fn and wu, and ¢ is the azimuth of @ in the coordinate system associated with 


n. We denote the projection of the vector W onto the direction of OZ (the direction of the OZ axis is opposite 
to the vector of grad T) by uz. In expanded form Equation (19) becomes: 


(Ones by NON eo aaa 15r'/2 ® a) 
dn = —n (sea) \e- [1 — 200, cosa — Bet % sw x 


x C |grad T |cos 9] c*de cos bsinddpdg dS. 
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Integration with respect to ¥ between m/ 2 and 1, and with respect to ¢ between 0 and 2m gives 


an ae al m ‘a e-e8de d§ [z-+20U,-4 cos 0 + 


\2nkT 
hh 
+X si) Clgrad T Jcos0]. (20) 
Finally, integration with respect to absolute values of the velocity c between 0 and o gives 
i kT \¥/2 
dN® = naan) [1 + (7%) u, 0080 Jas. (21) 


The projection of the impulse of the molecule onto OZ is equal to mc cos ®, Hence, the impulse transmitted 
to the area dS by the molecules colliding with it per unit time in the direction OZ is 


dw — —mn Ca a cE) a \ e~c'de cos } sin db dp [1 _ 


45n/2 
167 


— 2CU,,cos 3 — SY C gradT| cos 9 {cos dS. (22) 


Integration with respect to the angles ¥ between m/2 and 1, and ¥ between 0 and 2m, and with respect to the 
absolute values of c between 0 and oo gives 


dW — kT n| 4 ( ier). ‘(cos?O + 1) up — 74 algrad T\(cos? 0-+4) | ds. (28) 


The force due to the impact of the molecules canbe foundby integration for the whole sphere, if changes of 
gas concentration over a distance of the same order as the diameter of an aerosol particle are disregarded., we 
have 


ye. 4f@rkTn lat a es {[ m \b . 
ie wy aT | — (<7) # |. 


Next, we consider the recoil impulse transmitted to the sphere by the gas molecule on rebound (or evaporation) 
from its surface, The magnitude of this impulse differs in accordance with the nature of the interaction between 
the molecules and the surface. 


Consider three thermodynamically admissible laws of rebound: 1) the mirror type (elastic rebound); 2) 
diffuse scattering (by the cosine law) with the absolute velocity unchanged; 3) diffuse evaporation of the mol- 
ecules from the surface, 


Case 1, The simplest case of interaction between a gas molecule and the particle surface is mirror re- 
bound, when only the sign of the normal component of the velocity of the molecule (the sign of cos ¥ in our 
one is changed, It is easily shown that ae re of the sign of cos # results in replacement of the term 
(cos? 6 + 1) in Equation (23) by the factor (3 cos? @-- 1), On integration for the whole sphere the terms con- 
taining this factor become zero. Hence the total impulse in this case is 


A@rkTn of15 ’ ; m \"Y/o 
W, = 5 Oy Fe op lgrad 7 |— (77) u,| . (25) 


Gase 2, Interaction of this type presupposes that each molecule retains its previous velocity on rebound~ 
ing from the surface, i.e., that the number of molecules rebounding from the surface at a velocity in the range 
(c, c + de) is given by Equation (20), The directions of the velocities of the rebounded molecules do not depend 
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on the directions before impact, and are distributed in space in conformity to the cosine law (similar to the 
Lambert cosine law of light reflection), Thus, the mean impulse transmitted to a rebounded molecule with a 
velocity in the range (c,:c + dc) in the OZ direction is 


1/2 21 
J J mccos 9 cospsin p dy do 
00 


i) 


mc cos,®. (26) 


7/2 20 Ace 


J J sin} cosy dp de 
0 


0 
Consequently, the impulse imparted to an element dS of the surface of an aerosol particle in the direction OZ 
by rebound of the gas molecules is in this case (with the negative sign of the whole expression taken into ac- 
count): 


"le 
dw) = . kTn cos 8 lz $ \grad T|cos 8 — = — ( = ) Uz cos6| ds. (27) 
Integration of (27) for the whole sphere gives: 


64nkT no? ie > 


a7 | 64 7 [etad T|— (ser) we] (28) 


wo = | 


The total impulse for this case is given by the expression;: 


bea 16nkT not 43 a x 
— 3 9 


fe lgrad T| —(5) “u.]) (29) 


Case 3, In diffuse evaporation of molecules from the surface of an aerosol particle, in contrast to the 
cases already considered, the only condition to hold is equality of the number of molecules colliding with an 
element of the surface to the number evaporating from it, Let the number of molecules evaporating from a 
surface element dS per unit time at velocities in the (c,c+dc) range be represented by an expression of 
the type of (19): 


dN = \ Gece cos sinh db do dedS. (30) 


The value of the coefficient Q is found from the above-named equilibrium condition. We integrate (30) with 
respect to the velocity space: 


foe} QT 1/2 
an — \ de\ dp \ Qe-Ce cos} sin $ dp dpdS = (—7)'Q 5 as. (31) 
0 0 0 
Equating dn(i) (Equation 21) to dn(©) we have 
m 8/o mm \Y/2 . 
6 n( 57) [! + (a) Uz COS 0] dS. (32) 


The projection of the recoil impulse onto the direction OZ is found by multiplication of the distribution ex- 


pression (30), in conjunction with (32), by mc cos 9 and integration with respect to the velocity space, This 
gives: 


aw) — 2 cos 9 [! a ( im) “wecos 0] dS. (33) 


2kT 
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Finally, integration for the whole sphere gives the total recoil impulse in this case: 


2n2kT no 1 
(e) ne aa 5 1 m |a 
Wa ae 3 (sar) Uz» (4) 


Addition of (34) and (35)*gives the total impulse for this interaction; 


2nkT not 2 a 


' Ys 
Ws = —3 [FF igradT|- (3) (8+ n)uz]. (35) 


Equating the force with which the gas molecules act on the aerosol particle to zero, we find the required veloc- 
ity of thermophoresis; for all three cases considered it is given by an expression of the form: 


iW = — jee qr eradT, (36) 
here 


Ur = My = 8; pg = 8 +e. 


Hitherto, the thermephoresis velocity has been calculated in a calculation systemrigidly linked to the 
center of mass of the gas (air). This velocity can be measured experimentally only under conditions when side 
walls (parallel to the heat flow) are absent, such as in the movement of an aerosol in the free and unequally 
heated terrestrial atmosphere, _ 


However, in many cases of practical importance we are concerned with devices in which there are such 
walls, The unequally heated gas acts on the walls, and this causes slip of the gas along the latter. If the de~ 
vice is a pipe with open ends, the gas as a whole moves in it at a velocity equal to the sliding velocity [4]: 


(37) 


® 


where 7) is the coefficient of viscosity and p is the density of the gas. The direction of the velocity coincides 
with the direction of grad T. Hence, the velocity of an aerosol particle relative to the watls is 


Sg A RTSGL (vie De. 
‘ 7 (2-Fa). (38) 


a Pay (39) 


or, introducing 4 and c in accordance with (10) and (11), we have 


a a 
1) = 5 ChP- (40) 
Equation (38) is rewritten in the form 
eee = A" vs 
w= TE oe grad T 5 a) (41) 


* As in orginal - Publisher's note. 
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If the action of the gas molecules conforms to cases 1 and 2 considered above, the particle is at rest relative to 
the walls, With diffuse scattering (case 3) the velocity “ul? is given by the expression : 


Ta} 1572 


= 9N 
u = 128 (8 +n) ° T grad Te (42) 


In practice case 3 is not found in the pure form: the molecules partially undergo elastic rebound, If this 
is taken into account the value of the numerical coefficient in Equation (42) is somewhat lowered. Finally, if 
an unequally heated gas is contained in a sealed tube, slip due to temperature near the walls results in a flow 
of gas in the opposite direction near the tube axis, This leads to a steady state such that the average gas flow 
over the tube section is zero. In this case, since the flow velocity of the gas depends on the distance from the 
wall, the velocity of thermophoresis relative to the tube wall must also depend on the distance; its sign may 
also change. 


SUMMARY 


1, A small aerosol particle (of diameter o; << )) suspended in a nonuniformly heated gas does not 
change the velocity distribution of the gas molecules to an appreciable extent but acquires, under the influ- 
ence of impacts with the gas molecules, an ordered velocity component u in addition to its random Brownian 
motion. The direction of this velocity is opposite to the direction of grad T. 


2. The value of u is proportional to grad T, inversely proportional to the gas pressure and the square 
root of the mean temperature and the molecular weight of the gas, and independent of the particle size. 


3. The numerical value of the thermophoretic velocity depends, under given conditions, on the type of 
interaction between the gas molecules and the particle surfaces, This velocity is the same for elastic and dif- 
fuse rebound (at the same absolute velocity) of the molecules, and less by ~25% for diffuse scattering. 
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PRECIPITATION OF ARTIFICIAL MISTS 


I. I, Belyaeva and N. S. Smirnov 


Institute of Combustible Minerals, Academy of Sciences USSR, Moscow 


Our previous communications [1, 2] were concerned with studies of mist formation by the action of ioniz- 
ing radiations on highly disperse aerosols (ordinary air at relative humidity not above 100%), The present paper 
contains a brief account of the results obtained in a study of the precipitation of such mists, 


The first series of experiments, with irradiation of ordinary moist air by a-particies, was performed by 
means of the apparatus described previously [2]. Small (~3 cm?) thin (0.2 mm) glass plates, previously coated 
with a mixture of transformer oil and petrolatum, were placed on the floor of the chamber to protect the water 
droplets against evaporation when the photomicrographs were taken.” 


When the radioactive source was introduced a mist was formed in the chamber, droplets settled on the 
glass plates, and photomicrographs of the precipitate were taken (see Fig. 1, micrographs 1, 2, 3). 


Micrographs 1-3 show that when moist air was irradiated by a-particles a precipitate consisting of drop- 
lets up to 15 yp in diameter was formed on the floor of the chamber; the number and size of these droplets de- 
pend on the irradiation time. 


The second series of experiments was conducted in cylindrical glass chambers (d = 11.0 cm; h = 45,6 
cm; V = 4,4 liters), with irradiation of ordinary air by B-particles. Micrographs of the precipitates formed 
in these experiments are shown in Fig, 1, 4-6. 


It is clear from Micrographs 1-6 that the precipitates formed by irradiation of a highly disperse aerosol 
(ordinary moist air) by a- and B-particles become more coarsely disperse with increase of irradiation time. 


In the third series of experiments moist air was subjected to y -radiation of varying intensities from Co*®, 
photomicrographs of the precipitates were taken (No. 7-10, Fig. 1). 


Micrographs 7-10 show that the dispersity of the precipitates depends on the radiation intensity, and the 
higher intensity the more numerous and larger the droplets, With weak irradiation (0.37 mceurie) the size and 
mumber of the precipitated droplets did not increase appreciably (in an airtight chamber) even after irradiation 
for 96 hours; sources of activity > 3.7 mcurie gave precipitates which increased with the irradiation time. 


The usual method of microphotography used for studying precipitation cannot give an idea of the course 
of precipitation with time, We therefore devised a simple instrument for observing the course of precipitation 
in time. A quartz balance of type commonly used for sedimentation analysis of lyodisperse systems [3] was 
used; the only difference was that microscopic displacements of the depth of curvature were determined rela ~ 
tive to a quartz rod (a fixed mark) directly connected with the elastic element of the quartz balance to form a 
single quartz system. The quartz balance is represented schematically in Fig. 2. 


“Tf the sources of the ionizing radiations were not contained in the chambers, no droplets from the precipitated 
raist couid be observed microszopically on the plates over a period of 7-10 days; this was confirmed by our 
optical observations, as a mist was not formed in the chamber in absence of the source during a period ? 100 


heurs. Ai the natural level of ionization visible mists are not formed under such conditions (at ~100% relative 


humidity. 


Fig. 1. Micrographs of precipitated water droplets after exposure to a- and B- 

particles and y-radiation: o-particles: 1) 24 hours, 2) 48 hours, 3) 96 hours; B- 
particles: 4) 24 hours, 5) 48 hours, 6) 96 hours; y-quanta: 7) 24 hours, activity 
0.37 mcurie; 8) the same, 12 mcune; 9) 27 hours, activity 3.7 mcurie: LOZ 
hours, activity 12 mcurie, 


The elastic element of the microbalance is a thin thread 1 made of quartz glass, fused onto a quartz rod 
2 which is the base of the elastic system. The free end of the thread 1 is fused to a thin horizontal quartz plate 
3, onto which the aerosol particles settled. The fused-quartz plates used were 0,1-0.2 mm thick, 1 cm? in area, 
and 25-42 mg in weight, A thin quartz rod 4 was fused under the elastic thread for measurement of its deflec- 
tion. The measurements were performed microscopically by means of the micrometer eyepiece 5, indicated 
conventionally in Fig. 2, By the theory of elasticity, the sensitivity of such a quartz microbalance is directly 
proportional to the cube of the thread length and inversely proportional to the fourth power of its diameter. Micro- 
balances of roughly the same length (~ 10 cm) and with different thread thicknesses were used. The balances 


Fig. 2, Schematic diagram of quartz microbalance for observing 
precipitation of aerosols, 


were Calibrated by means of small weights made in the form of riders of platinum wire, 0.05 mm in diameter, 
These weights were placed successively at specially prepared points 6, and average values of two deflection de- 
terminations were taken, The sensitivity of the microbalances was 107° - 10°8 g, 


The experiments on precipitation of aerosols formed after irradiation with a-particles were conducted 
in a cylindrical chamber, The apparatus is shown schematically in Fig. 3. The apparatus was kept in a base- 
ment room at constant temperature and relative humidity (the temperature fluctuations were (< + 1° C), There 
was no displacement of the quartz thread with the sedimentation plate for 72-100 hours before introduction of 
the radioactive source into the chamber, After the 
radioactive source had been introduced a mist was form~ 
ed and began to settle on the plate, The results of the 
experiments are given in Fig. 4. 


Figure 4 shows that the mist is formed continu- 
ously, during the entire time of action of the ionizing 


0 48 G6 144 197 te (1) 
20 40 60 80 min (2) 


Fig. 4. Curves representing the course of 

used for observing the precipitation proc - aerosol precipitation: 1) mist formed by irradi- 
ess; 1) cylindrical aerosol chamber, d = ation of ordinary moist air with oa-particles; 

= 11cm, h = 45,6 cm, V = 4.4 liters; 2) 2) smoke formed by combustion of red phos~ 
quartz microbalance; 3) source of o -radi- phorus in dry air. 

ation; 4) basin of water to produce 100% rel - 

-ative humidity; 5) horizontal microscope. 


Fig. 3. Schematic diagram of apparatus 
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radiations on the moist air. Visual confirmation of this is provided in Fig. 4 by Curve 2 for the precipitation 
of an ordinary aerosol, when a small electric heater in which a sample of red phosphorus was burned was intro- 
duced into the chamber instead of the radiation source. It is seen in Fig, 4 that Curve 1 for mist precipitation 
differs from Curve 2 for smoke formed by combustion of red phosphorus, Sedimentation of the red-phosphorus 
smoke cases after about 40 minutes, and the weight of the precipitate subsequently remains constant in the dry 
air of the chamber. Precipitation of the mist formed by irradiation of air with a-particles (Curve 1) occurs 
continuously during the whole irradiation period at a constant rate, which was 2.5 ° 10 “5 5/ hour (4.2 ° 107 
g/ minute) per cm?’ of chamber floor area in our experiments, 

SUMMARY 


1, Exposure of ordinary moist air to ionizing radiations increases the number and size of the particles of 
its disperse phase, This results in mist formation. 


2. Processes of formation and precipitation of the mist during irradiation occur continuously at constant 
rates, 


3, The amount of mist precipitated and its dispersity depend on the intensity and duration of the irradi- 
ation to which the aerosol (ordinary moist air) is exposed, 
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ULTRASONIC DISPERSION OF SILICIC ACID GEL 
IN ACID MEDIA 


N..S. Bubyreva and B. P, Bindas 


Dispersion by means of ultrasonics is widely used in production of fine suspensions, emulsions, and colloidal 
solutions, A problem of urgent importance is the question of the dispersing action of ultrasonicsin the gel-sol 
transition in colloidal systems such as silicic acid in aqueous solution, 


It is known that the presence of silicic acid gel in reagents and water causes considerable difficulties in 
the control of many technological processes. Moreover, precipitated silicic acid is often an undesirable im~ 
purity in the industrial products, 


In the present investigation we considered the possibility of, and performed experiments on, the disper- 
sion of silicic acid gels with complete homogenization of solutions containing various amounts of SiOx. 


In accordance with the mechanism postulated by Rzhevkin [1], the dispersing action of ultrasonics is con- 
sidered to involve the formation of differential accelerations in a particle when an ultrasonic wave passes through 
it. Most authors [2, 3] give preference to the cavitation mechanism of dispersion, and attribute not only me- 
chanical but also chemical effects to cavitation, 


When concentrated solutions of certain high polymers such as gelatin are exposed to ultrasonic vibrations, 
the viscosity of the system decreases considerably after a short time. It is suggested [4] that cavitation breaks 
down bonds between individual macromolecules which form a network and thereby confer high viscosity to the 
system. This is because molecular cohesion is determined by van der Waals forces, and breaks down readily 
under the action of ultrasonics, If the pressure is raised to 10 atmos, when cavitation is less, exposure of high 
polymers to ultrasonics has almost no effect on viscosity. These facts confirm the decisive influence of cavita~- 
tion in dispersion, 


It is known that silicic acid polymerizes in acid media. Si-O~Si linkages are formed in the process [5]. 
Dispersion of such polymers may be regarded as breakdown of Si-O bonds, It is convenient to compare the ener+ 
gy of the Si-O bond with the bond energies of carbon atoms after repeated breakdown under the influence of 
ultrasonics, Data on the bond energies of silicon and carbon [6] are presented in Table 1, The Si-O bond is 
the strongest in silicon compounds, but, as Table 1 shows, the other bond energies given are of the same order 
of magnitude. 


This comparison suggests that silicic acid gel, like the high polymers in question, can be dispersed by 
means of ultrasonics, 


A quartz-crystal ultrasonic generator was used for investigating dispersion of silicic acid gels, 


The generator was operated at frequencies from 1 to 8 megacycles per second at an intensity of about 
3 w/cm*, The liquid under investigation was contained in a yessel with a thin bottom (20-30 p thick) which 
ensured complete transmission of the ultrasonic energy. The temperature in the vessel was kept constant by 
means of a liquid circulated from a thermostat through a tube within the vessel, Solution samples of about 5 - 
ml were irradiated, The solution composition, irradiation time and ultrasonic frequency were varied in the 
experiments, Solutions containing silicic acid gels of different ages were investigated. For estimation of the 
results of irradiation,the amounts of silicic acid remaining in the solutions after irradiation were determined, 
The homogeneity of the material after irradiation was confirmed by the absence of a precipitate in a sample 
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centrifuged at 2000 revolutions / minute for 10 minutes. The frequency range from 1 to 8 megacycles/ second 
was studied, 


For estimation of the possibility of dispersing SiO, gels, the total effect of ultrasonic irradiation was first 

determined, The degree of polymerization of the gel was not taken into account, Only the highest degree of 
dispersion, down to the monomeric form, wasicon~ 

alata sidered. Second, a study was made of the conditions 
Silicon and Carbon Bond Energies for conversion of the whole coagulated form into a 
sol, i.e., for complete homogenization of the system. 
Bond ener-~ The silicic acid content was determined colorimetri- 
gy» kcal/ cally by the silicomolybdenum-blue reaction, 


g-atom 


Bond ener- 
gy, kcal/ 
g-atom 


The ability of ultrasonics to convert polymer- 
ized silicic acid into the monomeric form was checked 
by a number of experiments, the results of which are 
given in Table 2, A solution containing 4 g SiO, per 
liter in 4 N HNOg was irradiated. Samples differing 
in the age of the silicic acid gel were tested, 


Table 2 shows that on irradiation of acid solutions containing silicic acid gel the content of soluble SiO, 
increases roughly by one order of magnitude. Frequency variations between 6 and 3 Mc/ second and variations 
of the exposure time between 10 and 120 minutes have no practical effects\on the final results, These results 
show that dispersion of coagulated silicic acid to the soluble form may reach a definite extent. It should be 
noted that the amount of the precipitate dispersed in this manner is very small. The degree of dispersion of 
the precipitate apparently depends on a number of factors: ultrasonic frequency, age of the gel, and composi- 
tion (especially acidity) of the solution. 


TABLE 2 


Effects of the Age of Silicic Acid Gel, Frequency, and Irradiation 
Time on the Contents of Soluble SiO, 


Ultrasonic | {rradiation |SiOzg content of solution, g 


Age of 


silicic frequency, | time, min 
acid, Mce/ sec before after 
days irradiation | irradiation 


Ge G3 oO GO CE OL OT OD 


The results of experiments on the extent of dispersion of silicic acid precipitated are summarized in 
Table 3, 


Table 3 shows that the dispersion effect increases with decrease of ultrasonic frequency. Whereas at fre~ 
quencies of 8-3 Mc/ second the precipitate largely remained undispersed, the dispersion increased considerably 
on decrease of frequency from 3 to 1.1 Mc/ second, 


At a frequency of 1.1 Mc/ second the gel~sol conversion is complete and can be effected with good re- 
producibility. 


The results show that the proportion of monomer formed by irradiation of these solutions is very small, 
The amount of monomer is certain measure of the proportion of ultrasonic energy expended in chemical ac- 
tion; in this case, for rupture of Si-O bonds, 
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Under given operating conditions of the generator the yield of soluble silicic acid should be proportional 
to the quantity of energy supplied, which is determined mainly by the irradiation intensity and time. 


A rough calculation shows that for rupture of the Si-O bonds in 1 ml of the tested solutions containing 4 
g of silicic acid per liter about 6 cal is required. The relatively small amount of energy is easily provided dur- 
ing a brief period of irradiation, However, neither brief nor prolonged irradiation result in formation of a con- 


TABLE 3 


Effects of Ultrasonic Frequency, Gel Age, and Solution Composition on the Extent of Dis- 
persion of Silicic Acid Precipitate; Irradiation Time 30-60 minutes 


Solution | Amount of SiQy in pre- 


composi- OPS as 
Hono” & ‘a 3 » | Cipitate, g ta eet 
SY 9 Qe ae f a Notes 
SiO,, oY ZIS HK | before after EP es 

g/liter pe aes BLS irradiation |irradiation |9 & 

4 5 te 0,080 0,28 — — Precipitate partially 
: No precipi~ dispersed 
2 2N 14 | 6 2,0 tate 4) Total dispersion 
4 4N Qae6 Be The same 4 The same 
4* 4N 3 :|| 9 0,080 ; — Partial dispersion 
4* 4N 45 | 3 0,040 0,066 = The same 
5,1 | 4N 45 | 3 5,1 4,1 — »  » 
6,5 | 4N 46 | 3 6,5 Ant = » » 
4,4] 4N 46 | 3 4,4 Lo. — ons 
2,50) 4N | 47.) °3 2.5 No precip1~ 2 | Total dispersion 
4,2*| 4N 48 | 3 0,038 tateg 30 — Partial df{spersion 
4,2*| 4N 48 | 3 4,2 oie! — The same 
5,4 | 4N 49 | 3 0,038 0,10 — » » 
5,4 | 4N 49 | 3 5,4 teT — n 8 
4 4N 49 | 3 Precipitate ipi- 3 
; not ARE Pe a : Total dispersion. Irradia- 
lyzed tion first at +20° then 
at +80° 

4 4N Laan gee! The same The same 3 
4 5 50 | 3 >» 8 # ~» 3 
4 5N 52 | 3 sake ae a 3 . 
4 AN | 4207 At 3,9 sa he 5 Total dispersion 
BS | AN | 1200 454 5,5 Roof 1 Liquid gelatinized after 


24 hours 


* SiO» determined in filtrate and not in the precipitate, 


siderable proportion of the monomeric form, The amount of this form remains almost constant, and is only a 
few hundredths of the calculated amount, In our opinion, this low yield is the consequence of polymerization 
of silicic acid, competing with ultrasonic depolymerization, as the former is favored by the high acidity and 
the heat liberated during irradiation. The effect of irradiation can in all probability be increased by introduc- 
tion of substances which bind soluble silicic acid into the solution. 


SUMMARY 


1, Silicic acid preoipitated in gel form from highly acid solutions can be converted into the sol form by 
ultrasonic dispersion. 

2, The degree of dispersion depends on the ultrasonic frequency. Total homogenization of the systems 
studied, containing up to 5 g SiO, per liter, can be effected by ultrasonic treatment at a frequency of 1 Mc/second, 


3, The yields of soluble silicic acid obtained in the investigated systems were low; in the authors" opinion, 
this may be caused by competition between processes of coagulation and ultrasonic dispersion of the silicic acid, 
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CHARACTERIZATION OF THE PROPERTIES OF PAINT AND 
LACQUER COATINGS BY THEIRELECTRICALRESISTANCE 
AND CAPACITANCE 


P, I. Vasserman, Ya. M. Kolotyrkin, V. V. Chebotarevskii, 
and A. A. Feoktistova 


Moscow 


The effectiveness of lacquer and paint coatings used to protect metals against corrosion depends on a 
number of properties of the films, including their lyophily, moisture permeability, adhesion to the surface of 
the protected metal, etc. A most important characteristic of protective coatings is their structure, which de- 
termines diffusion of moisture and electrolyte solutions, causing corrosive destruction of the metal, into the 
film, ; 


Lacquer and paint films are dielectrics; when moisture penetrates into such a film the conductivity of 
the coating increases, Therefore, Wirth [1], Young [2], Bacon [3], and Wormell [4] suggested that the protec - 
tive effect of coatings on steel can be expressed in terms of their resistance. It was found that a decrease of the 
protective action of a coating is accompanied by a decrease of film resistance and increase hae capacity, Brasher 
[5] determined moisture absorption of films from changes of capacity. 


In the present investigation the film structure and diffusion of moisture into the film were characterized 
by its electrical resistance and capacitance, 


An alternating-current bridge was used for the resistance measurements, The bridge circuit is given in 
Fig. 1. The alternating-current source was a ZG~2A audio-frequency oscillator, Equal resistances Ry and Re, 
of 107, 10°, 10%, 105 and 10° ohms, were connected in two arms of the bridge. In the third arm, a resistance 
box with a range of 0,1 to 10° ohms and a capacitor box with a range of 0.00005 to 2 microfarads were connect~- 
ed.in parallel, The null instrument was an f£0-1 electronic oscillograph with a dual amplifier. The determina- 


tions were performed at 1 v, 


The resistance of the coatings on metal was determined, However, as the results of such determinations 
may be distorted as the result of rupture of the films by metal corrosion products, resistance determinations 
were also performed on free films, The films were between 30 and 35 microns thick, The test cells were as- 


sembled as follows. 


A glass cylinder 40 min in diameter and 60 mm high was attached to the coated surface of the metal 
specimen by means of bitumen. The auxiliary electrode was a circular platinum plate attached to the cylinder 
lid at a distance of 15 mm from the test specimen, The cylinder was filled with electrolyte solution. 


A free paint or lacquer film was fixed by means of BF-2 adhesive between two cylindrical vessels with 
side tubes with ground ends (the inner diameter of each side tube was 25 mm). The electrodes were two plat - 
inum plates placed on a level with the film. The cells are depicted in Fig. 1. 


Results of determinations in 0.5 N NaCl solution. Figure 2 shows the results of determinations of the re- 


sistance of a nitrocellulose film and of capacitance of the system: platinum electrode~solution~film~solution~ 
platinum electrode, determined at a frequency of 1 kc/ second at various time intervals after immersion of the 
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film in 0.5 N NaCl solution, Immediately after immersion in the solution the film has very high resistance, 
which decreases appreciably as the film becomes wet. This decrease of resistance with a simultaneous increase 
in the capacitance of the system occurs primarily during the first 24 hours, and is determined by the kinetics of 
absorption of the solution by the film, To determine the 

a effect of the nature of the film former on film resistance 
and capacitance of the system, determinations were car- 
ried out with chlorinated polyvinyl chloride (PVC), nitro- 
cellulose (NC), butyl methacrylate (BMA) and ethylcellu- 
lose (EC) films. In these experiments, in addition to film 
resistance and capacitance of the system, the swelling of 
the films in water and vapor permeability were determined. 
The results are summarized in the table, which also con- 
tains literature data on the dielectric constants (DC) of 
the investigated film formers. 


It follows from the table that the investigated film 
formers have similar dielectric constants, and therefore 
the changes in the resistance observed in our experiments 
cannot be attributed to the nature of the film substance. 

At the same time there is a direct correlation between 

film structure, as characterized by vapor permeability, 

and resistance, For example, the polyvinyl chloride film, 
which has low vapor permeability, also has high resistance, 
3.210% ohm -cm?*, Ethylcellulose film, which has high 
vapor permeability, has low resistance, The data in the table also show that there is a direct correlation between 
changes in the capacitance with time and the swelling of the films, Thus, with polyvinyl chloride and butyl 
methacrylate films, which swell little in water (0.2-0.4% per 24 hours), the capacitance of the system changes 
little with time. On the other hand, with ethylcellulose and nitrocellulose films, which absorb water, the ca- 
pacitance of the system increases considerably. 


Fig. 1. Bridge circuit; a) cell for measurement 
of film (f) resistance on the metal (m); b) cell 
for measurement of resistance of free films (f). 


Influence of alternating-current frequency on the resistance of coating films. As is clear from Fig. 3, 
in most cases the resistance varies inversely with the frequency, However, the density of the film structure 
has a significant influence on this relationship, In films of less dense structure, such as ethylcellulose, the fall 


Vapor per- | Swelling in | Resistange 10°" | Capacitance, 
ere “ hours, es 9 Pe hi ee 
‘ er rss TO | 
Eniitent a) cm? : onim- after 24 |onim- | after 24 
mersion |hours mersion | hours 
PVC oe) 0,9 0,2 32 aes 98 94 
NC AT 8,6 2,0 4,4 1 beth 450 190 
BMA 2,0 7,6 0,4 1,6 0,7 74 81 
EC 2,4 81,3 bee 1,8 0,5 133 194 


of resistance with frequency is much less, and occurs mainly at relatively low frequencies, On the other hand, 
nitrocellulose and especially polyvinyl chloride films, which are considerably denser in structure, show a much 
greater sensitivity of resistance to frequency changes, The results for butyl methacrylate film are somewhat 
different; despite the fact that its vapor permeability is about the same as that of nitrocellulose film, the rela- 


tive decrease of resistance with increasing frequency is much less for the former, Similar results were obtained 
with coatings on metal, 


The results of our experiments showed that the influence of frequency on film resistance decreases ap- 
preciably with increasing moisture content of the film (Fig. 4). 
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Influence of the electrolyte on film resistance and 


ea capacitance of the system, Figures 5 and 6 show the re- 
= 4020 aS 4 sults of resistance and capacitance determinations for 
= a ethylcellulose films at 1 kc/ second in 0.5 N NaCl and 
“ 305 3 in distilled water, The film resistance and the capaci - 
ie a tance of the system are lower in distilled water than in 
ae 0 ¥ 00 - 2 NaCl solution, Similar results were obtained for the other 
§ : 3 9 films, The greater changes in the capacitance of the sys- 
o,,|o0 a tem in the transition from distilled water to 0.5 N NaCl 
& 0 8, a : are found for swelling films, while in the case of coatings 
O |e which swell little, such as polyvinyl chloride film, the 
0 5 We difference is less, Conversely, the increase of resistance 
Days with the use of 0.5 N NaCl is greater for coatings of low 
Fig. 2 Variations of swelling in water permeability and swelling, such as polyvinyl chloride 
(1), resistance of nitrocellulose film films, and less for permeable and swelling coatings, 


(2), and capacitance (3) of the system 


For interpretation of the experimental data it is 
in 0.5 N NaCl, 


necessary to take into account that a lacquer film is a 
dielectric and therefore its conductivity immediately af- 
ter immersion in the solution must be determined by the conductivity of the electrolyte in its pores, In general, 
this concept is consistent with our experimental results, according to which films of denser structure have higher | 
initial resistance, i.e., lower conductivity, Similar conclusions were reached by Brasher [5], Weinmann [7], 
and Wirth and Machu [8], who determined film structure and penetration of moisture by electrical and electro- 
osmotic methods, 
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films in 0.5 N NaCl: 1) polyvinyl chloride, 2) cellulose film in 0.5 N NaCl: 1) on immersion, 
nitrocellulose, 3) ethylcellulose, 4) butyl meth- 2) 1 day, 3) 15 days after immersion, 
acrylate, 


It was therefore natural to expect a direcf correlation between electrolyte concentration and film struc - 
ture on the one hand, and film conductivity on the other. However, comparison of the results obtained with 0.5 
N NaCl and with distilled water shows that there is no such correlation even at the instant of immersion, To 
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explain these results it must be assumed that the so-called surface conductivity [9] plays an important role in 
film conductivity. The total conductivity of a film immediately after immersion must then be determined by 
two components: 


Ky = Ky + Kg, (1) 


where Kj is the conductivity of the electrolyte in the film pores, and Kg is the surface conductivity. 
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N NaCl; 2) in distilled water. lose films: 1) in 0.5 N NaCl; 2) in distilled 
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According to the work of numerous authors, and especially of Zhukov [10] and his school, the relative 
significance of surface conductivity in the total conductivity of a diaphragm increases appreciably with in- 
creasing pore size and decreasing electrolyte concentration. 


Surface conductivity also explains the dependence of film resistance on alternating~-current frequency, 
Although the conductivity of solutions also depends on the frequency, this dependence becomes apparent only 
at much higher frequencies, of the order of 10°-10° cycles/second. Therefore it may be assumed that the 
decrease of film resistance with increasing frequency is caused mainly by changes of surface conductivity (Kg). 
This is confirmed by our observation that the frequency has a greater influence on the resistance of films with 
denser structure, such as polyvinyl chloride film. 


As a film swells in the electrolyte, the conductivity acquires a third component, due to the conduction 
by the film material itself, The total conductivity Ky then becomes 


Ky= | Ky + Ke | + Kis (2) 
where Ky is the conductivity of the film material, At the first instant after immersion the conductivity of the 
film material is low and the last term in the right-hand side of the equation may be ignored. This term gradual- 


ly increases during swelling. As the film swells,the effect of frequency on resistance diminishes because the 
relative significance of surface conductivity in total conductivity of the film decreases, 


SUMMARY 


1, The relationship between electrical resistance, vapor permeability, and lyophily of lacquer coatings 
has been determined, Films with low vapor permeability and low swelling in water have higher resistance, 
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2, The conductivity of a coating film is made up of three components: conductivity of the electrolyte 
in the pores, surface conductivity in the pores, and conductivity of the film material. 


3, The conductivity of a coating film depends on the alternating-current frequency, probably because 

of variations of the surface conductivity in the film pores, 
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RHEOLOGY OF BITUMENS AND THEIR FLOW THROUGH 
PIPES AT ELEVATED TEMPERATURES 


B. V. Vedeneev and N, V. Mikhailov 


The Gor’kii Institute of Engineering and Construction 
The Scientific Research Institute for Construction, Moscow 


The ever-extending uses of bitumen in construction work raise the problem of mechanization of the opera- 
tions involved in applying or pouring bitumen into the structural elements, The most rational method for supply~ 
ing hot bitumen to the working site is by pumping through pipes, 


Petroleum bitumens are mixtures of liquid and solid hydrocarbons and their derivatives, Structurally, they 
are colloidal systems in which oils and tars are the dispersion medium and asphaltenes the disperse phase, These 
systems belong to the group of structurized liquids, the: flow of which does not conform to Newton's law. At 
higher temperatures (above 140-170°) the bitumen structure breaks down as the result of thermal motion [1], and 
they become true viscous Newtonian liquids with viscosity 1 Hn independent of the velocity gradient. 


The principal laws governing the flow in pipes of such viscoplastic bodies as clay suspension, peat, slurry, 
sewage sludge, etc, have been investigated during recent years [2-4]. Investigations [1, 5-8] concerned with the 
theological properties of petroleum bitumens have dealt with the relationships between the viscosity character- 
istics of bitumens and temperature, between the velocity gradient and the shear stress, and also with determina- 
tions of the power required to break down the structure, with the degree of structurization of the systems, and 
the influence of added fillers and diluents on the structural and mechanical properties at relatively low tem- 
peratures, The viscosimetric studies of bitumens were performed at temperatures not exceeding 90° with the 
elastoviscosimeter, and at a maximum temperature of 160° with the Volarovich instrument, 


The flow of hot bitumen in pipes has not been studied as yet, 


For determination of the hydraulic relationships and derivation of formulas for calculating pressure. drop 
in the flow of hot bitumen in pipes of circular cross section, we carried out viscosimetric investigations on bitu- 
men at high temperatures and performed tests in a special unit; this work is described in the present paper. 


The work was performed with BN~-IV bitumen from the Gor*kii plant, obtained from Artemovsk petroleum 
asphalt, with the following characteristics as determined in accordance with GOST 6617-53; penetration 40 mm; 
extensibility (ductility) at 25° 3.6 cm, softening temperature (Kraemer~Sarnow) 76°, 

The rheologial characteristics of the bitumen were determined by means of the NII-200 electronic selsyn 
elastoviscosimeter, the action of which depends on pure shear of the system in a narrow gap between two co~- 


axial cylinders, with automatic recording of the stress and deformation curves, For investigations at 200° the 
instrument was additionally fitted with a TS-24 oil thermostat with automatic thermoregulation, and a thermal 


chamber heated by an electric coil. 
The experimental unit for studying the flow of bitumen in pipes is depicted in Fig. 1. 


The bitumen was heated and dehydrated in an induction-heated bitumen boiler 1, and was fed by means 
of the Sh-200 gear pump 2 into the header tank 3 at a height of 2,9 meters above floor level. From the header 
tank the hot bitumen passed into the measuring system consisting of standard steel gas pipes 5, 8.0 meters long 
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and 5.2, 4.02, and 2,05 cm in internal diameter. From the measuring system the bitumen was returned to the 
bitumen boiler, where it was heated and then pumped back into the header tank. 


For measurement of pressure drop in pipes during flow of bitumen through them, holes 5.0 mm in diam- 
eter were drilled in the pipe walls at right angles to the pipe axis. Opposite these holes piezometer rings 6 
with annular internal grooves and with glanded connecting tubes were welded onto the tubes; these rings were 
attached to piezometer tubes of Pyrex heat-resisting glass, 13,0 mm in diameter and 1.50 m long. Measuring 
scales with 1 mm divisions for recording the bitumen level in the tubes were placed alongside the piezometer 
tubes, 


Fig. 1. Experimental unit. 


The bitumen tank was connected to a tank 4 for solar oil, used for rinsing out the bitumen pipes, 


The velocity of the bitumen in the measuring pipes was regulated by means of the cocks 7. The flow 
rate was measured volumetrically by means of a special measuring vessel, 


To regulate the bitumen temperature and to ensure thermal stability, the bitumen boiler was equipped 
with three-stage heating, the header tank had double walls and an insulated bottom, and Nichrome heating 
coils were fitted onto the measuring pipes and the glass piezometer tubes, 


The lengths of the entry and exit damping regions and of the working regions between the piezometer 
rings are given in Table 1, 
TABLE 1 


Principal Dimensions of the Pipes in the Experimental Unit 


———. 


Internal Entry region 
diameter D, 
cm 


length 2 ,m 
2.2 


2.0 
1,83 


The results of the rheological investigations are plotted in Fig. 2, At temperatures of 170 and 160° (and 
lower) the relationship between the velocity gradient € and stress P for BN-IV bitumen is represented by an 


S-shaped curve, according to which the effective viscosity n = P/e€ is not constant but decreases with increas~- 
ing applied shear stress, 


At temperatures of 180° and over, bitumen behaves as a Newtonian liquid of constant viscosity. When 


bitumen is heated from 100 to 200° its viscosity falls from 91.6 to 0.16 poises (Fig. 3), which is a 570-fold 
decrease. 
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The flow of BN-IV bitumen in pipes was studied at the temperature used in constructional practice, i.e., 
in the 160-200° range, at intervals of 10°. The structural and mechanical properties of bitumen are given in 
Table 2, 


TABLE 2 


Structural and Mechanical Properties of Bitumen at High Temperatures 


Temperature °C] y, g/cc am, poises +, dynes/cm , kcalf kg 
160° 0,943 1,45 150 0,505 
M70 0,939 1,02 80 OR 1S 
180° 0,933 0,69 0) 0,522. 
490° 0,929 0,42 0) 0,530 
200° 0,923 0,46 0 0,540 


Note, The values of C and y are in agreement with the data of the B, E. 
Vedeneey All-Union Scientific Research Institute of Hydraulic Engineering, 


The experiments were performed only when the thermal and hydraulic conditions had become steady, 
i,e., when the temperature of the bitumen in the measuring pipes and its level in the piezometer tubes became 
constant with complete circulation of the bitumen in the closed system, The flow rates and pressures were de- 
termined simultaneously, A series of experiments was performed 
in each of three pipes simultaneously, and the bitumen flow 
rates decreased progressively from the highest to the lowest, 
close to a state of hydraulic equilibrium. At the end of ex- 
periments at a given temperature, bitumen was removed 
from the system through discharge devices and the hot pipes, 
header tank, and pump were washed out with solar oil. Resid- 
ual bitumen and asphaltene deposits were removed from the 
pipe walls in the process, A total of about 200 experiments 
was carried out. 


The experimental results were used for determinations 
of the relationship between pressure drop and the bitumen 
flow rate for each measuring pipe at different temperatures, 


o = = The values of the pressure drop Ahy and the bitumen 
eo hee Ll os ae flow rate Q were used to calculate the maximum shear stress 
2-77, dyne * cm 
at the pipe wall 


Fig. 2. Complete rheological €(P) curves abe Anion (1) 
for BN-IV bitumen: 1) t = 200°, 7 -0.16; 
2) t= 190°, n = 0:42; 8) t = 180°, n = 0.69; and the velocity gradient for a parabolic velocity distribution 


4} t = 170°, No = 2.20, Nyy = 1.02; 5) t =160°, 


09 = 4.74, 1, = 1.45 poises, Vmax= 40 /7R°, (2) 


where Q is the bitumen flow rate in cc/ second: Ris the internal pipe radius in cm; Ap is the pressure drop 
over the given pipe section, in dynes - cm -2. 1 is the length of the pipe section in cm. 


The relationship T »4x = F(Vmax) is plotted in Fig. 4, from which it is clear that the determinations were 


performed with streamline flow. 

The pressure losses in bitumen at 200, 190, and 180° are directly proportional to the flow rate and are 
represented by straight lines passing through the coordinate origin. The pressure losses at 170 and 160° are 
also proportional to the flow rate, but owing to the fact that the bitumen has a yield value and values of Ah, 
are higher. For a given flow rate the pressure drop rises sharply with decrease of temperature; this indicates 
that structurization of bitumen increases at lower temperatures, 


The fact that the experimental points in Fig. 4 are almost linear in streamline flow of bitumens at temp- 
eratures of 170° and lower indicates that under these conditions the Shvedov-Bingham equation is applicable: 
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od 
Ty = +5 (3) 


here dy/ dr is the velocity gradient; T is the tangential stress in the bitumen; n° is the plastic viscosity; T 9 
is the upper flow limit, 


Formulas for Calculation of Hydraulic Losses in 
ee ER Se ee eee 


Yor ‘\ Bitumen Pipelines 
100 \ a 
The coefficient of hydraulic resistance was calculated by 
80 means of the Darcy-Weissbach equation: 
60 vl 
h => Dgd* 
40 
The experimental data can be used to find the hydraulic loss 
20 coefficient from the usual hydraulic relationship 
9O WHO 130 150 WO Mtl ee e ’ (4) 
Fig. 3. Viscosity of destructurized ; 
BN-IV bitumen as a function of tem- where K and X are empirical constants, 


perature, 
Values of the Reynolds number Re = vdp/n and the Darcy- 


Weissbach coefficient \ = Ahj/ 2gd/y? were calculated for each 
experiment, 


In the above equations d is the diameter of the bitumen pipe; p is the density of bitumen; 7 is the ef- 
fective viscosity; g is the acceleration due to gravity; Ahj is the pressure drop per meter of pipe length; v 
is the flow velocity of the bitumen, found from the expression Q/1R’, 


400 + 


Pipe diameters 


300 


dpk/2L, dynes » em™? 
\ 
S 


700 


4Q/scR%,sec™} 


Fig. 4, Variations of maximum shear stress with the velocity gradient from results 
of measurements in pipes at: 1) 160°; 2) 170°; 3)180°; 4) 190°; 5) 200°, 
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The values so found were used to plot the relationship \ = f(Re) in logarithmic coordinates (Fig. 5). 


The experimental points form bands in Fig, 5, and the straight lines drawn along the centers of these bands 
are represented by Equation (4). Solution of these linear equations gives K = 64 and X = 1 for line a, and K = 
= 200, X = 1 for line b. Hence, we find formulas for Newtonian and structurized bitumens for determinations 
of the hydraulic resistance coefficients in streamline flow of BN-IV bitumen in pipes of circular cross section. 
For Newtonian bitumens at 200, 190, and 180°,we have: 


\ = 64/Re (5) 
And for structurized bitumens at 170 and 160°: 
X = 200/ Re (6) 


The value of the Reynolds number in all cases includes the viscosity of the destructurized bitumen 1, 
attained either by isotropic breakdown of structure as the result of thermal motion, or by the action of high 
velocity gradients, 


Equation (5) is known in hydraulics as the Stokes equation, 


The flow of bitumen at high temperatures, when it is a true viscous liquid, conforms to the usual hydraulic 
laws, The flow of bitumen at temperatures of 170° and lower, when it has a structure which has not been broken 
down isotropically, involves considerable hydraulic resistances and high velocity gradients are necessary to en- 
sure flow. 


Far, 
| uf 


10 15 20 JO 40 60 80 100 150 200 300 500 700 s00\0gRe 
Fig. 5. Variations of the hydraulic resistance coefficient of BN-IV. bitumen with Reynolds 
number Re: a) at 180, 190, 200°; b) at 160 and 170°. 


A number of workers who studied the flow of viscoplastic systems have suggested that parameters charac- 
terizing the plastic properties of liquids should be introduced into the Reynolds number, 


According to R. I. Shishchenko, the generalized Reynolds number can be represented by the expression: 
Re 


i! (7) 


where y * is the plastic (structural) viscosity; To is the yield stress; R is the pipe radius. 
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We determined the value of the generalized Reynolds number as given by Equation (7) from experimental 
data for BN-IV bitumen at 170 and 160°, when it is a structurized liquid and its flow through pipes conforms 
to the structural regime. The maximum value of the flow velocity of bitumen in streamline flow gave a value 
of Re* below 10, which is meaningless, 


The experimental results were analyzed on the basis of the original calculated viscosity 1,4, which 
characterizes Newtonian flow of the bitumen. Therefore, the principal parameter determining the flow of hot 
bitumen through pipes is the usual Reynolds number, calculated from the equation 


Rea 
%m 


Hence our Equations (5) and (6) take fully into account the structural and mechanical properties of BN-IV 
bitumens and are suitable for technical calculations. 
SUMMARY 


1. The results of viscosimetric investigations yielded complete rheological curves for BN-IV bitumen at 
the high temperatures used when it is used for coating. 


2, The experimental results fully confirm that it is technically possible and economically feasible to 
pump hot bitumen through the ordinary standard pipes over considerable horizontal and vertical distances, The 
pressure losses in pipes 50, 40, and 20 mm in diameter are relatively small at the average flow rates used indus- 
trially. 


3, Bitumens should be pumped mainly in streamline flow, when lower pumping power is needed, the 
risk of hydraulic hammering is avoided, heat losses in pumping are lower, and the conditions are better for 
distribution of the hot bitumen from the pipeline. 


4, The main factor which determines whether bitumen can be pumped through pipelines is the viscosity 
at ultimate structural breakdown, attained by the influence of heat or an appropriate velocity gradient. For 
a given bitumen velocity, the pressure drop in pipes increases sharply with fall of temperature, 


5. The usual Darcy equation should be used for technical calculations relating to the flow of bitumens 
in pipes of circular cross section, 


The hydraulic resistance coefficient in streamline flow must be determined by means of the following 
equations: a) for Newtonian bitumens, A = 64/Re; b) for structurized bitumens, \ = 200/Re. These equa ~ 
tions are applicable to all bitumens and also to bitumen mastics, 
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KINETIC STUDIES OF THE TRANSITION OF CRYSTALS OF SOLID 
SOLUTIONS OF TWO-PHASE ALLOYS IN METALLIC SYSTEMS 
FROM THE COLLOIDAL TO THE TRUE HOMOGENEOUS STATE 


V. N. Vigdorovich and V.:M. Glazav 


The M. I, Kalinin Institute of Nonferrous Metals 
The A. A. Baikov Institute of Metallurgy, Academy of Sciences USSR, Moscow 


It has been noted in investigations of microstructure and microhardness of crystals of solid solutions in 
two~phase alloys that the grains of the solid solution contain very thin layers of a second phase, giving rise to 
the so-called microheterogeneity [1], Detailed investigations of the mechanism by which microheterogenéity 
originates in solid-solution crystals of metallic systems showed that it can arise in two ways during cooling of 
alloys: by disintegration of the melt by branches of growing dendrites in dendritic crystallization, and by de- 
composition of the solid solution because of differences in the solubility of the second component at high and 
low temperatures [2]. 


Analysis of experimental data on microhardness of solid-solution crystals and dark-ground microscope 
studies of solid-solution crystals in aluminum~—copper, aluminum~silicon, and other two-phase alloys led us 
to the conclusion that the microheterogeneity regions consist of a colloidal solution of the second phase, formed 
in solid-solution crystals of two-phase alloys under definite crystallization and cooling conditions, In the light 
of these concepts the formation of microheterogeneous regions in two different ways is regarded as the dispersion 
and condensation mechanisms of formation of colloid solutions. 


Investigations of a number of aluminum alloy systems showed that relatively brief (20-30 hours) and 
even fairly prolonged (100-150 hours) homogenization at elevated temperatures does not eliminate microhetero- 
geneity, It was shown [2, 3] that a period of about 600 hours is needed for coagulation of a colloidal solution 
of CuAlg in solid-solution crystals of two-phase alloys in the aluminum-copper system. 


The present investigation consisted of an experimental study of the kinetics and nature of the transition 
of quasi-homogeneous crystals of solid solutions into the true homogeneous state. A physical picture of the proc- 
ess is to be given as the result of analysis of the experimental data. 


The materials chosen for the investigation were binary alloys of copper with titanium and zirconium, in 
which the presence of colloidal particles of the intermetallic compounds CugTi and CugZr in the crystals of 
solid solution has a considerable influence on the microhardness of the latter, Therefore microhardness deter- 
mination was chosen as the principal method for investigating the kinetics of transition ofquasi-homogeneous 
crystals of a solid solution into the true homogeneous state, 


The kinetic studies were conducted at 850, 825, 800, 700,and 600° for alloys in the copper~titanium sys- 
tem, and at 850, 825, and 800° for alloys in the copper~zirconium system. The temperature was regulated to 
within + 3°, 

For saturation of their a-solid solutions the cast specimens were subjected to preliminary 50% deforma - 
tion and heat treatment; the conditions are given in Table 1. 
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This treatment was followed by the first microhardness determinations, The method used for preparation 
of the specimen surface after quenching for microhardness testing is described elsewhere [4]. 


In nearly every case relatively brief homogenization for 16-20 hours at 800-850° and longer homogeniza - 
tion for 50-100 hours at 700-600° failed to cause coagulation of colloidal’ CugTi and CugZr solutions in the 
crystals of the a-solid solutions; this is indicated by the fact that the microhardness values of the a-crystals 


TABLE 1 


Conditions of Heat Treatment * 


Heated to temperature, °C 


Exposure time, hours 16 100 


* The specimens were quenched in water in all cases, 


were higher than the equilibrium values corresponding to absence of colloidal particles of the respective second 
phases, Longer exposures were required, This is illustrated by Figs. 1 and 2, which show variations of microhard- 
ness of solid-solution crystals with alloy composition in these binary systems, for two different treatment tem- 
peratures, It follows from the datain Figs, land 2 that the microhardness of solid-solution crystals of a copper al- 
loy containing 12% titanium after treatn 2nt for 20 hours at 850 and 800° exceeds the equilibrium values found 
after exposures of 100 and 500 hours respectively at these temperatures, by 10 and 70 kg/ mm?*, In copper alloys 
witn 3,5% zirconium the microhardness of a-crystals after exposure for 20 hours at 850 and 825° is higher by 


26 and 30 kg/mm? respectively than the equilibrium values after 500 hours, 


a Lie Ai le alata Cakes. 
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Fig. 1. Solubility of titanium in copper Fig. 2, Solubility of zirconium in copper at 
at different temperatures (a), and the cor- different temperatures (a), and the correspond - 
responding .microhardness isotherms for ing microhardness isotherms for different times 
different times of homogenizing anneal- of homogenizing annealing (b), 
ing (b). 


After determination of the initial points the subsequent annealing was performed in stages, in intervals 
between which the specimens were quenched and the microhardness determined, The specimens were held at 
the stated temperatures for two periods of 20 hours, then four periods of 40 hours, and finally five periods of 
60 hours, Thus, the total duration of exposure was up to 600 hours. The results are presented in Fig, 3, It 
must be pointed out that despite these long exposures the influence of the particles, causing heterogeneity of 
the solid-solution grains, on microhardness of copper~titanium alloys treated at 700 and 600° was not com- 
pletely eliminated, 


In all other cases the microhardness of crystals of solid solutions of titanium in copper and zirconium in 
copper became, after prolonged homogenization, equal to the microhardness of the solid solutions of the alloys 
at maximum saturation for the given temperatures, 
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Analysis of the experimental results was difficult because of the lack of a common criterion of the de~ 
gree of microheterogeneity in the two systems in question, so that specimens in the corresponding original states 
could not be investigated; but in view of the chemical analogy between zirconium and titanium it was likely 
that under the same conditions of preparation and treatment of copper-titanium and copper—zirconium alloys 
their original states were similar. 


It should be noted that the accuracy to which the start and end of the transition of the solid solution from 
the colloidal into the true homogeneous state was in the region of 20 hours, Further, the instant at which this 
process is complete cannot be determined with absolute exactness from the microhardness, as the microhardness 
reaches values corresponding to that of crystals of a solution saturated at the given temperature before the last 
heterogenizing particles of the second phase have disappeared, 


Fig. 3. Kinetic curves for transition of solid-solution crystals in alloys of 
copper with 12% titanium (a) and 3.5% zirconium (b) from the colloidal to 
the true homogeneous state, 


In the light of the foregoing this investigation should be regarded as an approximate estimation of the in- 
fluence of temperature and exposure time at a given temperature on the stability of a colloidal solution formed 
under the given conditions. However, such estimation is without doubt useful, as studies of the behavior of col- 
loidal solutions formed by a second phase in the solid-solution grains of two-phase alloys are very difficult. 


The graphs in Fig. 3 show that the relationships between microhardness and exposure time at different 
temperatures are of a strictly uniform character, These relationships conform to the general scheme shown in 
Fig. 4, It follows from this scheme that the stability of a colloidal solution at a given temperature can be esti- 
mated in terms of two quantities, one of which corresponds to the time interval (which we term the period of ag~ 
gregative stability T , ,,..) during which the microhardness remains virtually constant, and the second corresponds 
to a period of rapid decrease of microhardness (which we term the kinetic stability T |, ,) down to the equilibrium 


value. 


It seems that during the period of aggregative stability internal stresses are relaxed in the layers which 
surround the colloidal particles of the second phase and which arise in consequence of differences between the 
specific volumes of the coexisting phases, During the samme period the least stable particles of the second phase, 
causing heterogeneity of the solid-solution grains, are dissolved, 


During the period of kinetic stability, diffusional processes cause dissolution of particles of the second 
phase and disappearance of the interface with the solid-solution crystals. Since the transition of quasi -homogeneous 
solid-solution crystals into the true homogeneous state most probably occurs by a diffusional mechanism, the 
process in the two systems in question may be comparatively evaluated by known methods of chemical kinetics 
[5] and diffusion theory [6]. In this instance the diffusion rate may be estimated as the reciprocal of T kin, 
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) is plotted against the reciprocal 


1 
In Fig, 5 the log of the reciprocal kinetic stability time (log Th 
n 
absolute temperature (1/ T). It follows from Fig. 5 that this relationship conforms satisfactorily to the equa- 
tion 
1 Ait 


+ const, 


where AE is the activation energy of transition of the quasi~homogeneous solid-solution crystals into the true 
homogeneous state; T is the temperature in °K; R is the universal gas constant. 


{ Metastable state of solid Stable state 


Microhardness 


Time of isothermal exposure 


Fig. 4. Generalized scheme for the influence of the duration 
of isothermal homogenizing annealing on microhardness of 
solid solutions in two-phase alloys in the transition from the 
colloidal to the true homogeneous state. - 


108 
— — coordinates it is found that the 


From the slope of the function T,,,, = f(T) plotted in log 
in T tin 
activation energy of transition of quasi-homogeneous solid-solution crystals of two-phase alloys of copper with 


titanium and zirconium is -147500 and -261300 cal/ g-atom respectively. 


It would be instructive to compare these values with the activation energies for diffusion of titanium and 
zirconium into copper, and with the heats of solution of these metals in copper. However, there are no data in 
the literature on diffusion of titanium and zirconium in copper. However, it may be noted that the values found 
are 2-3 times as high as the values usually found for the activation energy in diffusion of one metal in another. 


The heats of solution of titanium and zirconium in copper may be determined by mathematical analysis 
of the solubility-temperature relationships for these elements with the aid of the Schroder-Van't Hoff equation 


[7] 


Q 
In x = RT + const, 


where x is the atomic concentration of the dissolved component; Q is the molar heat of solution. 


TABLE 2 


Comparative Thermodynamic Characteristics of the Systems Cu-Ti and Cu-Zr 


Tempers ee SPE (eee lg AR Ab ae Ori 
System ature g-atom|atre = [2 g-atom| AE Q 
range, zr Zr 
range, °C | 
fe; 


Copper—titanium | 800—850 | —147 500 ||500—875| —4200 35, 4 
0,56 0,57 


Copper ~zirconiuny 800—850 | —261 300 || 400—980 | —7430 35,2 
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Earlier data [8] on the solubility of titanium and zirconium in copper were used for this purpose. In Fig. 6 
the log of the atomic concentration of the dissolved element is plotted against the reciprocal absolute tempera- 


ture. 


The heats of solution of titanium and zirconium in copper, determined from these data, are -4200 and 


~1430 cal/ g-atom respectively. 


Fig. 5. Variationsof log 
T kin 

with 1/T for colloidal solutions 

of CugTi and CugZr in crystals 


of a-solid solutions. 


bias 


“a7 O09 if 43 «45 «0 T 


Fig. 6. Curves for the solubility 
of titanium and zirconium in 
copper in the solid state (Figs. 1,a 
and 2,a), in semilogaritImic co- 
ordinates, 


A comparison of the activation energies for transition of solid- 
solution crystals of titanium in copper and zirconium in copper from the 
colloidal into the true homogeneous state with the heats of solution of 
these elements in copper in the solid state (Table 2) reveals a definite 
correlation between the two sets of values for the two systems, 


With some degree of approximation (possibly within the limits of 
binary alloys of any element with elements belonging to the same sub- 
group of the Mendeleev periodic system) the following relationship may 
be regarded as valid 


AR p E 
Aa! =. const or St Ses 
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= const, 


i.e., the ratio of the activation energy for transition of solid-solution 
cyrstals from the colloidal into the true homogeneous state to the heat 
of solution is constant. ; 


Mechanism of the process, It is quite evident that dispersed part- 
icles of the second phase, causing heterogeneity of the solid-solution 
crystals in a two-phase alloy, are unequal in size. Any size distribution 
of the inclusions is characterized by an appropriate distribution curve [9]. 
However, the maximum of the distribution curve must evidently be more 
“diffuse” for particles formed by the dispersional mechanism (the group 
of polydispersoid particles) and less “diffuse” for particles formed by the 
condensation mechanism (the group of the so-called monodispersoid part - 
icles), An explanation of this result was given by us earlier [3]. 


Thus, differences of particle size are associated both with differ- 
ences in the formation mechanism of the particles and with statistical 
deviations of their sizes in each of the above-named groups, According- 
ly, some of the particles must be more stable than others, 


Moreover, particles of the second phase formed by the dispersional 
mechanism, i.e., in the course of dendritic crystallization, are more stable 
than particles formed by the condensation mechanism during decomposi - 
tion of the solid solution, as evidently in the latter case diffusion processes 
in the regions adjoining the second-phase particles are facilitated by the 
absence of very thin layers of intercrystallite material, which is the con- 
sequence of crystallization from the liquid phase. 


The size differences of the microdisperse inclusions of the second 
phase are decisive, and constitute the driving “force” of growth of larger 
particles from dissolving smaller ones, It is known that the solubilities of 
interacting components depend on the size of the inclusions of the dispersed 


second phase [10], The finer the crystals of the heterogenizing phase, the greater the supersaturation of the 


solid solution surrounding it. 


Accordingly it may be assumed that the presence of particles of different sizes in a solid-solution crystal 
gives rise to chemical heterogeneity, which leads to fluctuations of concentration in the vicinity of the surface 
of the disperse phase, Because of-this at high temperatures spontaneous noncompensated diffusional transfer of 
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atoms takes place, which tends to equalize the chemical composition in the solid-solution crystal, In this proc- 
ess the regions in immediate proximity to the smaller particles become poorer in the second component and 
become unsaturated (with the influence of particle size on solubility taken into account) while the regions near 

the larger particles become supersaturated, The smaller particles dissolve in the impoverished surrounding FEZAORS, 
and as a result the surrounding layers of solid solutions reach a limiting concentration characteristic of the given 
particle size and temperature. On the other hand, supersaturation of the layers surrounding the larger particles 
leads to growth of these particles, so that the layers surrounding them become poorer in the second component 

and also reach a concentration characteristic of the given particle size and temperature. This concentration 

is lower than the concentration of the layers surrounding the smaller particles, and therefore the solid-solution 
crystal becomes chemically heterogeneous again, 


Consequently, two processes take place in solid-solution crystals heterogenized by submicroscopic particles 
of the second phase: leveling of chemical heterogeneity by diffusion, and creation of this heterogeneity owing 
to differences in the salubility of the second component in the layers surrounding particles differing in size. 


Both these processes lead to dissolution of the smaller and growth of the larger particles, Thus, the transi - 
tion of quasi-homogeneous solid-solution crystals into the true homogeneous state is effected by diffusional re - 
distribution of atoms of the second component by way of dissolution and precipitation processes, 


The described process is thermodynamically spontaneous, as it occurs with a decrease of the surface ener- 
gy of the system so that the system passes into a state characterized by a lower value of the isobaric~isothermal 
potential. 


Kinetic studies of this process and the relationship found between its activation energy and the heat of 
solution confirm that it occurs by way of dissolution of atoms of the second component in some regions of the 
crystal, and their deposition on large inclusions of the second phase. Since this process is diffusional in charac~- 
ter, it is evident that it can proceed intensively when the system has reached a certain temperature, and the 
start of the intensive process occurs after a definite latent period, represented by T ager (Fig. 4) in this instance, 


The latent period shortens with increase of temperature, and the transition of quasi-homogeneous solid- 
solution crystals into the true homogeneous state is more rapid (Fig. 3). Moreover, relatively small temperature 
variations have a very strong influence on the rate of this process; this also confirms that the process is diffusional 
in character [67, 


SUMMARY 


1, A kinetic study has been carried out of the transition of solid-solution crystals in two-phase copper- 
titanium and copper-zirconium alloys from the quasi-homogeneous into the true homogeneous state, and the 
activation energy of the process has been determined, The relationship between activation energy and heats 
of solution of titanium and zirconium in copper has been determined. 


2, The transition of colloidal solutions formed by particles of the second phase in solid-solution crystals 
of two-phase alloys into true solutions is probably effected by coalescence of the particles causing microhetero- 
geneity of the solid solutions, i.e., by dissolution of the smaller and growth of the larger particles, 
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AMALGAM FOAMS 


G. I. Volkov and’ D. Ya. Gusakova 


Moscow 


In work with sodium amalgam, light amalgam foams are frequently formed; these foams are even cap- 
able of floating on solution surfaces and are destroyed when the alkali metal is removed from the metallic 
phase, The literature contains only a few isolated references to the formation of amalgam foams [1-4]. We 
therefore carried out experiments on the effects of various metal impurities on the formation of amalgam foams. 


A conical flask 0.5 liter in capacity contained 40 ml of 0.1-0.5% sodium amalgam and 0.5 liter of 1 N 
caustic soda solution containing an added metal salt. The sodium amalgam was prepared from purified metal- 
lic sodiuin and carefully purified mercury, and was allowed to settle before use. The caustic soda solution was 
treated with sodium amalgam to remove impurities. Chemically pure and analytical grade reagents were used 
in the experiments, The observations of the amalgam surface were continued for a whole day. The amounts of 
added salts were such that the amalgam did not decompose too rapidly. 


The effects of the following additives were investigated (concentrations in terms of grams of metal per 


liter); 
Ferric chloride 0.01 g/liter  Palladous chloride 0.005 g/ liter 
Copper sulfate 0.1 . Potassium permanganate 0.1 ‘ 
Zinc sulfate 0.5 “5 Titanous chloride 0.1 Ms 
Cobalt nitrate 0.01 ks Arsenious acid 0.1 = 
Barium chloride 1.0 bs Tellurium dioxide 1.0 - 
Manganese sulfate 0.1 z Germanium dioxide 0.0001 < 
Stannous chloride 1.0 “ Antimony trioxide 1.0 . 
Ammonium vanadate 0.00001 * Lead acetate a0) . 
Tungstic acid 0.1 ‘ Nickel chloride 0.0005 =” 
Ammonium molybdate 0.0001 : Sodium chromate 0.00001 and 
0.0001 u! 
Cadmium acetate 1,0 $ Chromium sulfate 0.0002 i: 


Amalgam foam was formed only in presence of chromium salt in the alkali solution, The foam was 
formed in the following manner: immediately after the start of the experiment numerous point sites of hydro- 
gen evolution appeared on the amalgam surface; these moved over the surface and gradually coalesced into 
a large site. When the diameter of the hydrogen-evolution site had increased to about 0.5 cm the amalgam 
surface under it became convex. Gradually, the convexity increased and gave rise to a frothy mass which by 
the end of the experiment often covered the whole amalgam surface. The foam was readily destroyed by shak- 
ing. If the foam is left at rest after formation, it is destroyed after removal of sodium from the amalgam. 
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ORIENTATION EFFECT IN LACQUER FILMS FILLED 
WITH CARBON BLACK 


B. S.°Gal*perin and L. P, Soldatova 


Leningrad 


Lacquer films filled with carbon black are widely used as conducting elements of resistors used in modern 
instrument construction, Uniformity of structure and properties in such films is of great importance in relation 
to the technical characteristics of the resistors, 


Because of its high dispersity and tendency to structure formation, carbon black is preferred to other con- 
ducting powders, Carbon-black particles form a conducting network in a lacquer film, as shown in Fig, 1. 


The conductivity of a film, under given conditions, is determined by the number of continuous conduct- 
ing carbon chains per unit cross section of the film. , 


Figure 2 shows thatif the volume concentration (F) of carbon 
black in the film is high enough the conductivity of the film, like 
the conductivity of pure carbon blacks, is almost independent of 
the type of carbon black, It may be assumed that in this case near- 
ly all the carbon is involved in the fotmation of conducting chains, 
irrespectively of the tendency to structure formation. 


With decrease of the volume concentration of carbon black 
the conductivity o decreases more rapidly than F, as represented 
by the equation 


OAR 4 (1) 


where A and m are constants which depend on the type of black; 
the value of m ranges from 3 (from the most active acetylene 
black) to 15 and over, The structurizing power of carbon black 
becomes more significant with decreasing concentration, With 
structurizing carbons the conductivity decreases relatively slowly, 
so that there is appreciable conduction at low carbon concentra - 
tions, of the order of 2-3%, 


Fig. 1. Electron micrograph of a lac- 
quer film containing 6% of carbon black 
(magnification 25000). 


Hence, it can be concluded that a relatively small propor- 
tion of the carbon particles is involved in formation of conducting 
chains in the film, The remaining portion, which relatively in- 
creases with decrease of F, is isolated in the form of individual 
particles or groups, 


It is found in practice that with low concentrations of carbon black in the film,structure formation is 
greatly influenced by the method used for application of the suspension to the surface and by the hardening con- 
ditions, If the film is dried relatively rapidly, an appreciable orientational effect may be observed, and the films 
have higher conductivity in the direction of flow of the applied suspension, 
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In this investigation the orientation effect was studied in films applied by dipping onto porcelain rods 20 
mm long and 4 mm in diameter. The rods were extracted vertically from the liquid, so that the suspension 
flowed down the rods, To obtain more uniform coatings,this operation was performed twice (with brief drying 


in air between), in opposite directions, The total thickness of the coating did not exceed 5-7 p. The carbon 
concentration of the film varied from 8 to 15%, 


After air drying and appropriate polymerization of the films 
0 the rods were fitted with metal tips for effecting contact between 
the films and the measuring instruments. 


=a 

‘2 The resistance was first measured in the direction of flow of 
- the suspension ~ along the rod. A spiral was then cut in each rod 
E - by means of a special device, This converted the conducting film 
& into a long thin strip (~1 mm wide) coiled around the rod, There- 
o fore, a second resistance determination, performed after the cutting 
Ss 


operation, made it possible to calculate film conductivity in a direc- 
tion at right angles to the first. 


The two resistances found, R’ and R’*, were used to calculate 
the resistance per unit area R,, with the length L and diameter D of 
? 2 e 16 2 the rod and the pitch t and width d of the spiral taken into account. 
Volume concentration of carbon, % 


The surface resistivity along the rod is: 


Fig. 2. Variation of film conductivity 

: , ,TD 
o with the volume concentration of Roe =, (2) 
carbon black; 1) channel black, 2) 


thermal black, 3) acetylene black. and Across the rod: 


fe n td 
R= RS. (3) 


The coefficient of anisotropy of conductivity (Kg) was found from the expression 


~ (RD eo 


Values of Kg for films made from No. 211 resin dissolved in alcohol—toluene mixture with different car- 
bon contents are given in Fig. 3. The strong dependence of K, on the carbon concentration indicates that the 


10 
Plasticized contents, % 


Fig. 3, Variation of the coeffi- 
cient of anisotropy of conductivity 
Kg with volume concentration of 

of Ukhta channel black: (numbers 
on the curve represent the resistance 


in megohms); the top point should be 
12000 megohms, 


Fig. 4. Variation of the coefficient 

of anisotropy of conductivity Ky of 

a film containing 10% channel black 
with the amount of plasticizer (dibutyl 
phthalate); (numbers of the curve rep- 
resent the resistance in megohms), 
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effect is due to anisotropic conductivity of the film and not to local heterogeneity caused by surface defects 
(such as thin or thick patches), 


The higher conductivity of the film in the direction of the rod axis is caused by orientation of the carbon 
chains in the flow direction of the suspension, which persists in the film if it is rapidly dried. Difficulties in 
maintaining standard conditions of film drying in the production of resistors are among the causes of poor re~ 
producibility of the electrical characteristics of resistors made by the dipping method. 


If a plasticizer retarding film drying is added to the suspension, the orientation effect may be diminished 
considerably, as Fig. 4 shows. Introduction of 2-3% of plasticizer eliminates anisotropy of conductivity almost 
entirely, because during slow drying of the film the carbon chains, initially oriented, are able to distribute them- 
selves more or less uniformly in all directions, 


Figure 4 also shows that increase of the plasticizer content not only improves homogeneity but also in~ 
creases conductivity, because of easier formation of carbon structure in the film. 


In films based on oil varnishes, which dry relatively slowly, the orientation effect is almost absent. It 
is evident that the orientation effect can always be prevented if films are applied in a manner which excludes 
directional flow of the suspension (such as by spraying). 

SUMMARY 


1, Anisotropy of conductivity of lacquer films containing carbon black, applied by the dipping method, 
is due to orientation of carbon chains in the flow direction of the suspension. 


2. Anisotropy of such films increases with increasing rate of drying and with decreasing carbon black 
content, 


3, The orientation effect in films is eliminated by introduction of a small amount of plasticizer into the 
suspension, 
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BINDING OF WATER BY FINELY DISPERSED SEDIMENTS 


2, DEPENDENCE OF THE AMOUNT OF BOUND WATER ON THE COMPOSITION 
AND CONCENTRATION OF EQUILIBRIUM SOLUTIONS 


O. I. Dmitrenko and G. A. Pavlova 


Institute of Oceanology, Academy of Sciences USSR, Moscow 


The attention of research workers is now primarily concentrated on physical rather than chemical analysis 
of the structure of disperse systems, 


In his x-ray diffraction studies of the role of water in monomineral crystalline substances, Bernal [1] distin- 
guishes between two groups of water layers, In the first group the water molecules are bound by the cations of 
the anhydrous layers of the crystal lattice. In the second group the water molecules fill the spaces between the 
layers. He also showed that the water between layers in the lattice is not a liquid, and its molecules are in a 
fixed position, forming an ice structure. According to Bernal, the water molecules can give rise to local forma- 
tions with extraneous atoms or ions stabilizing the ice structure, forming the class of tectohydrates, The charge 
on the molecules in solution is also a stabilizing factor which favors their agglomeration both in very dilute and 
in more concentrated (over 2%) solutions, According to Wooster [2],in most hydrates cleavage occurs along the 
line of bond cleavage between atoms and water molecules rather than at other bonds within the structure; this 
{s consistent with the theory of the stabilizing effect of extraneous ions or molecules, 


According to Bernal's observations, the stability of tectohydrates makes it possible to determine the posi- | 
tion of ions and molecules "built into” the ice structure, In the case of particularly stable structures, the stability 
is retained even at relatively high temperatures, up to 65° (for example, in the case of NagSO, + 10H,0). 


However, these ice structures in tectohydrates are deformed to a considerable extent, as the positive ions 
in them are always surrounded by coordination polyhedrons formed by water dipoles, the hydrogen atoms in which 
are directed outward, Freymann [3] in a study of the dielectric properties of solids and liquids by radio-frequen~- 
cy (Hertzian) spectroscopy showed that in all cases bound water continues to absorb short radio-frequency waves, 
and that this type of water originates in connection with lattice defects, As was noted earlier [4], these defects 
are the results of phase changes, In the light of the foregoing we concluded that layer “growth” of solid phase 
outside the lattice and formation of a liquid coagulum “completing™ the lattice may occur at the boundary 
between the solid and liquid phases mainly owing to binding of the molecules, The direction of the lattice layers 
then determines quantitatively the predominant orientation of one of the two molecular components of the solu- 
tion (water dipoles or electrolyte molecules), This logically leads to the concept that intermicellar solutions 


are structurized [5]. 


The purpose of the present investigation was to determine chemically, by the "indicator ion” method 
[5], the distribution of water dipoles and electrolyte molecules in the intermicellar solutions of finely dispersed 
sediments, 

The presence of water molecules is a stabilizing factor in crystalline structures with sufficiently large 
voids, In Wiegner’s classic terminology [6], these structures are characterized by exchange of the intermicellar 
type; in the modern terminology [1] they constitute the class of phyllohydrates, containing water in the form 
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of molecular layers. According to Bernal, the phyllohydrates are represented by two subgroups, In our experi-~ 
ments we studied phyllohydrates of the second subgroup, characterized by variable distances between the layers 
in the crystal lattice and variable water contents, 


The absence of voids permeable to water molecules within crystalline adsorbents of the kaolin type, 
characterized by extramicellar exchange [6], suggests that in such cases surface reactions of molecular sorp- 
tion predominate, 


In the interaction of such adsorbents with aqueous electrolyte solutions the most probable type of mol- 
ecular sorption reaction would be that characterized by direct dependence of the amount of electrolyte ad- 
sorbed on the concentration of the equilibrium solution. The water layers closest to the kaolin surface are 
stabilized by metal atoms, and the nature of such bonding depends on the chemical properties of these atoms. 


In Bernal’s view, in the case of alkali and alkaline-earth metals purely electrostatic forces operate, 
and the arrangement of the molecules is determined by their mutual repulsion, with formation of coordination 
tetrahedrons or octahedrons, In general, even univalent cations may change the structure of water appreciably 
at distances of the order of 8 A. The presence of a large number of univalent and bivalent cations on the sur- 
face of a colloidal particle (or a crystallite of a monomineral clay) intensifies this effect and creates a layer 
of oriented water dipoles in the intermicellar solution. 


It must also be taken into account that the extent of molecular sorption of the electrolyte is an inverse 
function of its solubility [7-19]. It is clear from the papers cited that increasing solubility (at 20°) in a series 
of halides of any alkali metal corresponds to decreasing molecular adsorption of these compounds, 


This may be illustrated by the series of potassium halides in order of increasing solubility (in grams per 
100 g H,0): ; 
KCl <KBr <KI = 25,5 < 39,4 < 59,1. 


When solutions of these electrolytes interact with a finely divided adsorbent of the kaolin type, molecular ad- 
sorption is “large” in the first case, " moderate” in the second, and “small” in the third, Since the total num~- 
ber of absorbed molecules, i.e,, the molecular capacity ( 2m) is constant, the amount of adsorbed electrolyte 
must be inversely proportional to the amount of bound water. Therefore, in this series of potassium halides the 
amounts of water bound from solution must increase on adsorbents characterized by extramicellar exchange 
(such as kaolin), and decrease on adsorbents with exchange of the intramicellar type (montmorillonite, beidel- 
lite, etc.), The observed effect in the latter case can be regarded as the consequence of theoccurrence of the 
reaction within the adsorbent. We verified this hypothesis experimentally. 


The main task in the present investigation was to determine the relationship between the amount of water 
bound by the adsorbents, and the composition and concentration of the electrolyte, 


The experiments were carried out with powdered samples sifted through a 0.5 mm screen, Samples of 
50 g were washed on funnels with 0,125, 0.5, and 1.0 N solutions of sodium or potassium halides, and with so~ 
dium sulfate solutions of the same concentrations, until equilibrium was established, The preparatory opera- 
tion was regarded as complete for practical purposes when about 2 liters of filtrate had been collected in a giy- 
en experiment, The last portion of each filtrate (not more than 50 ml) was retained and the equilibrium elec- 
trolyte concentration in it was determined, For this, 0.3 ml samples of each solution were weighed and then 
either titrated with 0,02 N AgNOs by the Mohr method, or treated with 1 N BaCl, to precipitate sulfates, The 
equilibrium values (of Cl~, Br”, I”, and SO2") were determined in this way. After the last portions of solution 
had been percolating for an hour, the sediments became spontaneously more compact. Each sediment prepared 
in this way was divided into two portions, The largest portion (~35 g) was again washed through with the solu- 
tion (0.5 N KNOs), about 1 liter of filtrate being collected in each case, The last filtrate portions were tested 
for absence of halides, Each filtrate was then made up to exactly 1 liter and the contents of eluted halide and 
sulfate ions were determined in 10,014 ml samples by titration by the Mohr method * and precipitation as bari- 
um sulfate, 


* Iodide was determined by the Kolthoff "clear-point™ method, 
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Simultaneously the second, smaller portion was dried to constant weight at a temperature not over 100- 
110°, for determination of the moisture content, It must be noted that the method used for calculation of bound 
water in these experiments was substantially different from that used for natural marine sediments. 


The liquid phase remained unchanged in the systems studied in the previous investigation [5]. This sim~ 
plified calculation of the amount of water bound by natural marine siediments, On the other hand, in the present 
investigation the liquid phase of the investigated systems was made artificially, and the concentration of the 
electrolytes in equilibrium with the monomineral clay samples, and in the subsequent series of experiments also 
with natural marine sediments, varied from 0.1 to 2 N, or 20-fold. Because of this, the following values were 
calculated: 1) moisture contents of the deposits as perventayee relative to the natural salt-free material; 2) 
concentrations of the indicator anion (Cl”, Br, I7, and soz”) in the equilibrium solution, which were then ex- 
pressed as ai of chlorine per kilogram of pure water, and 3) total amounts of the indicator anion (Cl”, Br’, 
I-, and soz" ) expressed as milligrams of chlorine. 


The subsequent calculations of the contents of bound water in all the experiments with monomineral 
clays and marine sediments were made for a certain hypothetical “salt-free"™ material; this unified the data 
obtained in experiments with different indicator anions and for different concentrations of the eluting electro- 
lytes, 


Kaolin, The curves in Fig. 1 represent the contents of bound water in kaolin (from Prosyanaya*) for 
equilibrium concentrations of the eluting solutions of halides and sodium sulfate in the range of 0.1 to1N. 


Figure 1 shows that there is a direct relationship between the amount of water bound by kaolin and the 
concentration of the eluant. The solid phase predominantly retains water molecules from the more concen- 
trated solutions, and the adsorption is greatest in such cases, The amounts of bound water pass from the nega - 
tive into the positive region, to values not exceeding +15% of bound water per 100 g of dry kaolin. 


The relative positions of the curves show that the amount of water bound by kaolin-increases in the foliow- 
ing electrolyte series: 


NaCl <NaBr < Nal < Na2SOq. 


This confirms the existence of a direct relationship between the amount of water bound by kaolin and elec- 
trolyte solubility, in the investigated range of equilibrium electrolyte concentrations, In the experiment with 
sodium sulfate the solubility should have less influence than its molecular charge on the adsorption of water - 
from solutions, The amounts of free and fixed molecules of sodium sulfate distributed between the solid and 
liquid phases in this instance probably depends on the stability of the tectohydrate formed in solution. Since 
the tectohydrates of sodium sulfate are fairly stable [1], it may be concluded that the proportion of the kaolin 
surface occupied by NagSO, molecules must be relatively small, and therefore the adsorption of water molecules 
should be greatest, 


Montmorillonite, Figure 2 shows the results of experiments with montmorillonite ("kil® clay, Crimea), 
samples of which were treated with solutions of three different sodium halides (chloride, bromide, and iodide) 
and of sodium sulfate, by the usual procedure. In this series of experiments there was found an inverse relation- 


ship between the percentage of water in the montmorillonite and the electrolyte concentration, 


The amounts of water bound from aqueous solutions of electrolytes conform to the following series: 


Na2SO, < Nai; NaBr < NaCl, 


which is the reverse of the series found in the experiments with kaolin, It is probable that in this case a greater 
amount of bound water, with the ice structure, is contained within the montmorillonite lattice rather than on the 
surface, This suggests that molecular-exchange reactions should be hindered with electrolytes the molecules of 
which have large volumes, In our experiments changes of molecular volume corresponded to changes of the anion 
volume, The molecular volumes of nonhydrated sodium halides may be arranged in the sequence of the radii 

of their anions (determined in A experimentally by Goldschmidt), in the following series: 


* The kaolin sample was obtained from the Karpinskii Mineralogical Museum, Academy of Sciences USSR, 
together with all the montmorillonite clay samples used in the present investigation, 
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Nal> NaBrsS NaCl =1I-> Br-> Cl- == 2,20> 1,56 > 1,81. 


It is reasonable to suppose that access into the interlayer spaces of the montmorillonite lattice is more 
difficult for molecules of greater volume, and molecular exchange must be less intensive in such cases, Ac- 
cordingly, the expected molecular exchange effect should be greatest in the experiment with NaCl solution 
and least with Nal solution; i.e., in order of decreasing intensity of molecular exchange the electrolyte can 


probably be arranged in the following series: 
NaCl > NaBr> Nal. 


In accordance with this series the amounts of molecularly bound water remaining within the montmorillonite 
lattice should be in the reverse sequence, i.e., least water (in the series of sodium halides) is bound from NaCl 


solutions, and most from Nal solutions. 
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Fig. 1. Effects of solution composition Fig. 2, Effects of solution composition 
and concentration on the amount of water and concentration on the amount of water 
bound by kaolin, bound by montmorillonite. 


On the assumption that the molecular capacity is constant, an inverse relationship might be expected 
to exist between the amounts of electrolytes adsorbed molecularly by montmorillonite and of water bound 
from their solutions; i.e., less water should be bound from NaCl solution than from NaI solution, while in ex- 
periments with NaSO, the amounts of bound water should be greatest, as was already observed in experiments 
with kaolin. 


However, the experimental results do not confirm this hypothesis, As was noted earlier, when mont- 
morillonite was eluted with NagSO, solution particularly stable tectohydrates [1] were formed in the liquid 
phase, However, it is difficult to believe that in this case the greatest amounts of water would be bound with- 
in the solid phase of the adsorbent, Although the interlayer spaces of the montmorillonite lattice, already 
filled with layers of water in the solid state, might increase somewhat [11] by taking up some additional water 
molecules from the solutions, this effect should not be as significant as in the binding of water on the adsorbent 
surface, It follows that in the experiment with NagSO, the low solubility of the latter, which determines the 
structural state of the intermicellar solution, had a strong influence on the ultimate adsorption of its molecules 
within the adsorbent. Therefore, in subsequent displacement only the amounts of bound water which were pre - 
viously contained in the montmorillonite lattice could be obtained, Therefore, in accordance with the hypotheses 
put forward above, the amounts of water should be greater if it is bound from solutions of nonhydrated halides 
than from sulfate solutions, 


All the foregoing is valid only on the assumption that only the nonhydrated components of the solution 
take part in molecular exchange within the adsorbent, and that all the tectohydrates formed in the solutions 
of these electrolytes are stabilized to an equal degree by their molecules, which is hardly likely, This prob- 
ably accounts for the fact that the positions of NaCl and Nal are interchanged in the experimental series of 
electrolytes in order of increasing volumes of water bound from their solutions, 
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Since molecular exchange is most intensive in concentrated electrolyte solutions, this same series of 
experiments should reveal an inverse relationship between the amount of bound water and the electrolyte con- 
centration, 
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Fig. 3, Effects of eluant composition and con- Fig. 4. Effect of accompanying cations on the 
centration on the amount of water bound by molecular adsorption of water by beidellite. 
beidellite. 


It follows that molecular reactions within the adsorbent cannot be attributed solely to the effects of 
pure electrostatic intermolecular action, and they are determined to a considerable extent by the influence 
of the structure of the equilibrium solutions. Our results confirm this view. It is seen in Fig. 2 that the great- 
est amount of water (~40%) was bound by montmorillonite from sodium chloride solutions, followed by sodium 
iodide and bromide solutions (from 40 to 20%), and the least from sodium sulfate solutions (from 30 to 2%), 


Beidellite, Experiments with beidellite (from Ufalei in the Urals) were performed as with the previous 
samples, The results are plotted in Fig, 3, which shows that the "nonsolvent” volumes of water, found by the 


indicator anion method, decrease in the series; 
NaCl > NaBr > Na], 


with an inverse relationship between the nonsolvent volume and the concentration of sodium halide. Thus, 
the distribution of electrolytes and water in the experiments with beidellite was similar to that in the experi- 


ments with montmorillonite. In addition to experiments with sodium halides, it was of same interest to deter- 
mine the amounts of bound water in presence of different 


bivalent cations with a common anion; the electralytes 
chosen for this purpose were CaCl, and MgCly. The ex- 
perimental values of the radii of the Ca?* and Mg** cations 
are 1,06 and 0,78 A respectively, Therefore, the expected 
values of molecular adsorption should be less for CaCl, 


Ss 


Ara‘t of bound water, 
on dry substance 
YD 


KI and greater for MgCl, Accordingly, more bound water 

KBr should be obtained in experiments with the former than 

KCL with the latter, In these experiments the influence of 

0 molecular volume on the course of the reaction within the 

O5 : JON absorbent is complicated by the fact that the solubilities 
6 Fee eet So uens of these two electrolytes change correspondingly. These 
considerations were fully confirmed by the experimental 

Bee ceed om phvSiig obwatet Dy slaley results, Figure 4 shows ue the aiiecoeaeee the 
eee: amount of water bound by beidellite from CaCl, solution 


lies above the corresponding curve for MgCl, solution. 


Both curves have'a maximum in the region of 0.5 N. The adsorption of water from solutions of univalent chlo- 
rides is considerably greater than from solutions of bivalent chiorides, The amount of water bound by beidellite 
is 20% in the former case, and 5% in the latter. This is due to the influence of the cation volume, which is 
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greater in the former case, so that in the former case, i.e., in experiments with univalent chlorides, water mol- 
ecules are displaced less intensively from the beidellite lattice. 


Fine sediments from the Bering Sea, Figures 5 and6 show groups of curves which reveal a distinct in- 
verse relationship between the amount of bound water and the equilibrium electrolyte concentration, This 
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Fig, 6. Molecular binding of water by deep 
marine sediments, 


relationship holds both for samples taken at shallow levels 
(Bering Sea, depth 95 meters, dark gray sediment; Fig. 

5) and for deep samples of gray sediments (Bering Sea, 
depth 3400 meters, gray sediments; Fig. 6). The values of 
the nonsolvent volume of water determined in experiments 
with potassium halides form a series which is the reverse 

of that obtained in experiments with sodium halides and 
montmorillonite, Since in these experiments the radii of 
the anions (C1") are the same,and only the cations differ 

by their experimental ionic radii (0.98 A for Na and 1.33 

A for K), this result can be attributed to increased lattice 
parameters of the adsorbents constituting marine sediments 
[11, 12]. It is probable that during the prolonged existence 
of the sediments in the hydrosphere, conditions arise for swell~ 
ing of the clay adsorbents and increase of the interlayer 
spaces in the lattices of the sediment components which are 
close to montmorillonite or beidellite [13]. In that case 
molecular displacement within the adsorbent is probably 
determined to a greater extent by solubility of potassium 


halides than by the ionic radii, If 2m is constant, the greatest adsorbability of the least soluble potassium 
chloride must correspond to the smallest amount of water bound by the marine sediment, These views are con- 
firmed by the results of the experiments discussed above. 


SUMMARY 


1, Molecular adsorption of water by adsorbents which exhibit extramicellar exchange is of a surface 
character, The concept of interchangeability of adsorbed water and electrolyte molecules [5] was used to ex- 


plain the results, 


2. There is a direct relationship between the adsorption of water dipoles by kaolin and the electrolyte 
concentration in solution; this can be attributed to the predominant influence of the structure of intermicellar 
solutions, There is also a direct relationship between the solubilities of halides (NaCl, NaBr, NaJ) and the amounts 
of water bound from their solutions, for adsorbents exhibiting extramicellar exchange, 


3. Molecular adsorption of water by adsorbents of the intramicellar exchange type occurs within the val- 
ume of such adsorbents, and surface adsorption is of subordinate significance, 


4, In the case of two single clay minerals (montmorillonite and beidellite) the adsorption of water mol- 
ecules was an inverse function of the electrolyte concentration in solution; this is due to intensive molecular 
exchange in concentrated solutions of electrolytes capable of displacing water dipoles within the adsorbent 


volume, 


In the interaction of the same minerals with sodium halides the amount of bound water was an inverse 


function of halide solubility, 


5. Ina series of experiments with marine sediments there was found an interesting case of molecular 
exchange reactions within the volume of adsorbents with increased lattice parameters, 
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VULCANIZATION OF RUBBER IN PRESENCE OF AMINOMETHYL 
DERIVATIVES OF 2-MERCAPTOBENZOTHIAZOLE AS ACCELERATORS 


B. A. Dogadkin, I. I, Eitingon, M.S. Fel’dhstein, Z, N. Tarasova, 
E. N. Gur'yanova, Lin Yang Ch*’in, N. A,Klauzen, and D.M. Pevzaner 


Scientific Research Institute of the Tire Industry, Moscow 


In recent years sulfenamide derivatives of 2-mercaptobenzothiazole, of the general formula 


or 
CoH, C—S-—N/(RR;), prepared by oxidative condensation of 2-mercaptobenzothiazole with various ali- 


S 
phatic and alicyclic amines and with heterocyclic oxazines, have been widely used as vulcanization accelera- 
tors for natural and synthetic rubber. In presence of these compounds vulcanization takes a peculiar course, 
with an induction period [1, 2]. 


It was desired to determine the influence of 2-mercaptobenzothiazole derivatives in which the —S —N— 
| 
sulfenamide group is replaced by the —S—C—N— groupon vulcanization kinetics, Diethylaminomethyl-2- 


thiobenzothiazole was synthesized for this purpose. This compound was prepared by condensation of 2-mercapto- 
benzothiazole and formaldehyde with diethylamine: 


N 
Vio 
CoH, C—SH + CH.O + HN (CeH5)2 —> 
a a 
S 
ow ee 
ean 
—- CgH, ve — s— CH, — N + HO. 
<x 
S CoHs 


The product is a yellow crystalline powder of m, p, 86-87%, 


The experimental value found for the molecular weight of this compound is 252, which coincides with 


the theoretical. 
The elementary composition of the compound is: 


Found %: C 57.25, H 6.66, N 11,01, S 25,02, CyHygNpSp. Calculated %: C 57.14, H 6.35, N 11.11, 
S 25.19. 


Two tautomeric forms of 2-mercaptobenzothiazole are known [3]: 
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| 
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and accordingly the synthesis could give rise to two entirely different substances, one containing the 


—S—C—N-— group 
ee | 


7 len ya 

—S—CH,—N (1) 

we PEGG en oe 
2 CaH; 
he 
and the other containing, in addition to the ae group, the — i _ r — — diamine group 

C2Hs 

(isso CHP SN (1) 


Us yi: ge ee 


To determine the chemical nature of the product, it was investigated spectroscopically (by means of the IKS-11 
infrared spectrograph), According to Bellamy [4], compounds containing the —N—C=S, group give an in- 


tense band at 6.71. This band is present in the spectrum of 2-mercaptobenzothiazole which, as stated earlier, 


has the formula l | | in the solid state. This distinguishes the spectrum of 2-mercaptobenzothi - 
Cc == Ss. 
MA Ne 


azole frem the spectrum of di-2-benzothiazolyl disulfide 


o\——N Nea 
ee ee 
wa 


Se Nee \A 


which does not containa — d =S group, It is clear from Fig. 1 that a band at 6.7 p is found only for 
2-mercaptobenzothiazole, No such band is present in the spectra of di-2-benzothiazolyl disulfide or of the 
synthesized product, This indicates that the condensation product of 2-mercaptobenzothiazole, formaldehyde, 
and diethylamine is diethylaminomethy]-2-thiobenzothiazole (or benzothiazole -2-thiomethylenediethylamine, 
BTMA) with the structural formula 


Oven) CoH 
| Gem iBr— be ee Ni 
Nee 
S CoH, 


The method described above was used for synthesizing analogous aminomethyl derivatives of 2-mercapto- 
benzothiazole, with the use of various aliphatic and alicyclic amines and a heterocyclic oxazine (Table 1), 
The vulcanization activities of these compounds were compared with those of the corresponding sulfenamide 
accelerators in natural and butadiene~sytrene rubber stocks, The amounts of sulfur added were 3 weight parts 
in natural-rubber stocks and 2 weight parts in butadiene~styrene rubber stocks, per 100 weight parts of rubber, 
The compounds tested as vulcanization accelerators were added in the same molar proportions as the correspond - 
ing sulfenamide accelerators, The vulcanization was effected at 143°, 
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The data in Fig, 2 show that BTMA {s an effective vulcanization accelerator, The vulcanizates obtained 

with the use of BTMA accelerator* are almost equivalent in physical and mechanical properties to vulcanizates 
obtained with the use of sulfenamide accelerators — N,N=diethyl-2- 
benzothiazolesulfenamide and N-cyclohexyl-2-benzothiazolesulfen- 
amide. The action of other derivatives in the investigated series of 
compounds is analogous; for example, cyclohexylaminomethyl-2- 
thiobenzothiazole and morpholyl-N-methy1~2-thiobenzothiazole give 
vulcanizates (Fig. 3) which are almost identical in strength charac~- 
teristics with vulcanizates obtained with the use of N-cyclohexyl-2~- 

/ benzothiazolesulfenamide and N-morpholyl-2-benzothiazolesulfen ~ 
amide, 


67u 
<— 6854 (oil) 


The distinctive feature of the vulcanization kinetics of stocks 


| 

| 

| 

2 containing the synthesized compounds as vulcanization accelerators 
: is the more rapid vulcanization during the initial stage than is found 
‘ 

1 

| 

| 

i} 

i} 


a a ee 


withthe corresponding sulfenamide accelerators, This is shown clear- 
ly by the data on addition of sulfur to rubber during vulcanization 
(Fig. 4). Whereas after 5 minutes of vulcanization the amount of 
bound sulfur in a natural-rubber stock containing N,N-diethyl-2- 
Wavelength, / benzothiazolesulfenamide is 18%, in presence of diethylaminomethyl- 
2-thiobenzothiazole (BTMA) it is 62%, In agreement with this, maxi- 
mum -~swelling data (Fig, 5) indicate that vulcanizates with BTMA 
have a denser network at the initial vulcanization stage. At the next 
vulcanization stage, after 15-20 minutes, the amounts of bound sulfur 
are approximately the same in the two cases, However, vulcanizates 
with BTMA (Fig, 5) at this vulcanization stage have a somewhat less 
dense network. 


Fig, 1. Infrared spectra in the 6,5- 
1.2 4 region; 1) 2-mercaptobenzo- 
thiazole; 2) di-2-benzothiazoly] 
disulfide; 3) diethylaminomethyl- 
2-thiobenzothiazole, 
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300% elongation and tensile strength, 
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Vulcanization time, min 


Fig. 2, Action of BTMA accelerator in SKS-30AM stocks,containing channel 
black: 1 and J’) N,N~diethyl-2-benzothiazolesulfenamide, 1,1 wt, parts: 2 
and 2") BTMA accelerator, 1.2 wt parts; 3 and 8°) N~-cyclohexyl~-2-benzothi- 
azolesulfenamide, 1,2 wt parts; 1,2,3) modulus; 1*,2",3") tensile strength, 


* The action of BTMA accelerator in natural and butadiene 


styrene rubber stocks is considered in greater de~- 
tail in a separate communication [5]. 
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The distinction between the vulcanization kinetics of rubber stocks containing the investigated accelera - 
tors and those with the corresponding sulfenamide accelerators is revealed more clearly in vulcanization of 
butadiene ~styrene rubber, as Fig. 4,b shows. Addition of sulfur in presence of N,N-diethyl-2-benzothiazole- 


180 - 


160 


Fig. 3. Comparison of vulcanization activities of 
aminomethyl derivatives of 2-mercaptobenzothi - 
azathiazole and sulfenamide accelerators in SKS~- 
30AM tread stocks: I) modulus; II) tensile strength; 


140 


gation and tensile 
ro 4 
S 
S 


n 20 40 60 80 100 
Vulcanization time, min 
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oe 1.3 wt. parts; 2) cyclohexyl-2-benzothiazolesul- 
read fenamide, 1.2 wt parts; 3) morpholyl-N-methyl- 
a 50 2-thiobenzothiazole, 1.3 wt, parts; 4) N-morpholyl- 
cog 2-benzothiazole sulfenamide, 1.2 wt. parts, 
ac 
E 
= 


sulfenamide is represented by an S-shaped curvewith an initial period of retarded vulcanization, whereas there is 
no induction period on the curve for stocks containing diethylaminomethyl-2-thiobenzothiazole. 


In order to determine the cause of this difference in vulcanization kinetics, the isotope exchange reac- 
tion of diethylamino-2-thiobenzothiazole was studied, It is known that the rate of isotope exchange between 
sulfur-containing accelerators and elemental sulfur can be used as a measure of their vulcanization activity. 


100 


60 


Am*t of bound sulfur 
Sian’ Seagate 


20 30 40 
Vulcanization time, min 


Fig. 4, Kinetics of sulfur addition in vulcanization of unfilled stocks: 

a) natural rubber; b) SKS-30A; 1 and 3) N,N-diethyl-2-benzothiazole - 
sulfenamide, 1.0 and 1,2 wt. parts respectively; 2 and 4) BTMA ac- 
celerator, 1,05 and 1.3 wt,parts respectively, 


Studies of isotope exchange between diethylaminomethyl-2-thiobenzothiazole and radioactive sulfur 
proved impossible, as the accelerator was decomposed in the course of exchange even at a relatively low temper~- 
ature (below 100°), For investigation of the strength of the ~S-CH,)~ linkage in diethylaminomethyl-2-thio - 
benzothiazole a study was made of exchange between benzothiazolyl groups and di-2-benzothiazoly1 disulfide 
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tagged with s*, The di-2-benzothiazolyl disulfide tagged at the disulfide linkage was prepared by exchange 
with radioactive sulfur [6]. 
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change from equilibrium with di-2-benzo- 
thiazolyl disulfide; 3) contents of exchangeable 
sulfur;. 4) contents of bound sulfur. 


Fig. 5. Effect of vulcanization time 
on maximum swelling of unfilled 
natural-rubber stacks; 1) N,N-di- 
ethyl-2-benzothiazolesulfenamide, 
1,0 wt. part; 2) BTMA accelerator, 
1,05 wt parts, 


Experiments on isotope exchange of diethylamino- 
methyl-2-thiobenzothiazole with di-2-benzothiazolyl 
disulfide were carried out in benzene solution in sealed 
tubes, After the exchange reaction the solvent was evap- 
orated in the cold (in a stream of nitrogen) and the residue was treated with acetone, Diethylaminomethyl-2- 
thiobenzothiazole dissolved in acetone, while di-2-benzothiazolyl disulfide remained in the residue. The resi- 
due was washed three times with benzene. Di-2-benzothiazolyl disulfide was then oxidized by the Carius meth- 
od and precipitated by benzidine hydrochloride; the sulfur activity was determined in the precipitate, 


TABLE 2 


Results of Experiments on Isotope Exchange between the Studied Ac- 

celerators and Di-2-Benzothiazoly1 Disulfide Tagged with s® 
Activity of di-2-benzothi- 

Temperaturq Time, azolyl disulfide, pulsesAnin 


°C | hour Exchange, % 


after 
exchange 


before 
exchange 


Diethylaminomethy1-2-thiobenzothlazole - di-2-benzothi- 
azolyl disulfide 


30° 2,5 12056 41064 13,7 
30 18 12056 8523 94 
60 2 12056 7858 98 
80 2 12056 7898 100 


N-Cyclohexyl-2-benzothiazolesulfenamide - di-2-benzothi- 
azolyl disulfide 


30° 18 12056 12348 0 
60 2 12056 11854 0 
80 2 12056 7835 96 

100 2 12056 8557 400 
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Table 2 contains the results obtained in experiments on isotope exchange between diethylaminomethyl- 
2-thiobenzothiazole and di-2-benzothiazolyl disulfide, and also between N-cyclohexyl-2-benzothiazolesulfen- 


amide and di-2-benzothiazolyl disulfide. 
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Fig. 7. S*® isotope exchange of vulcanizates 
from SKS-30AM, containing N,N-diethyl-2- 
benzothiazolesulfenamide: 1 and 1°) exchange 
from equilibrium; 2 and 2°) contents of ex- 
changeble sulfur, 


Table 2 shows that exchange between diethylamino- 
methyl-2-thiobenzothiazole and di-2-benzothiazolyl di- 
sulfide takes place even at room temperature, Exchange 
between N-cyclohexyl-2-benzothiazolesulfenamide and 
di-2-benzothiazolyl disulfide begins at higher temperatures 
(about 60°), These data are in good agreement with the 
vulcanization kinetics (Figs. 4,5) of stocks with these ac- 
celerators, Stocks containing BTMA are characterized by a 
high vulcanization rate at the initial state, as compared 
with sulfenamide stocks, 


The results of experiments on isotope exchange of 
BTMA accelerator with di-2-benzothiazolyl disulfide in- 
dicate that the BTMA molecule probably decomposes as 
shown below during vulcanization, and they also confirm 
the earlier conclusion concerning the structure of the BTMA 
molecule. 


The vulcanization structure of vulcanizates made 
from SKS-30AM with BTMA accelerator was studied by 
observations of the kinetics of isotope exchange of these 


vulcanizates with elemental sulfur and with di-2-benzothiazolyl disulfide, The exchange was effected by a 
method described earlier [7] at 120° during 3 hours; it was found in special experiments that under these con- 


ditions the exchange proceeds to equilibrium. 
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Variations of exchangeability with vulcanization time are plotted in Fig. 6, It should be noted that the 
relative content of exchangeable sulfur in stocks with BTMA corresponds to its content in stocks with N,N,-di- 
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Variations of Maximum Swelling of Unfilled Mixes (without sulfur) of Natural Rubber dur- 


ing Heating at 143° (xylene solvent) 
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ethyl-2-benzothiazolesulfenamide (sulfenamide BT) if equal amounts of these accelerators and sulfur are used, 
The relative change of exchangeability with vulcanization time is less pronounced in stocks with BTMA than 
in corresponding stocks with sulfenamide BT (Fig. 7). BTMA stocks contain a small amount of benzothiazolyl 
groups capable of exchanging with di-2-benzothiazoly] disulfide. 


In contrast to sulfenamide BT [1], BTMA accelerator does not have an independent vulcanizing effect on 
rubber (see Table 3), 


These results show that sulfenamide accelerators (in absence of sulfur as the vulcanization agent) have an 
appreciable cross-linking effect, This is indicated by the fact that rubber containing these accelerators acquires 
the property of limited swelling as the result of heat treatment at the vulcanization temperature, Vulcanization 


| : eg 
accelerators containing — §--CG —N— _ groups do not produce any appreciable cross-linking effect under such 


a 7a 


conditions. 


SUMMARY 
1, A series of condensation products of 2-mercaptobenzothiazole and formaldehyde has been synthesized. 
Spectrum analysis indicates that these derivatives of 2-mercaptobenzothiazole contain —S—C— N— 
bai 


groups. 


2. These aminomethyl derivatives of 2-mercaptobenzothiazole are effective vulcanization accelerators 
for synthetic and natural rubbers, 


3. Vulcanization of rubber stocks proceeds at a higher rate at the initial stage in presence of these ac- 
celerators than in presence of sulfenamide accelerators, 


4, Aminomethyl derivatives of 2-mercaptobenzothiazole enter isotope exchange with di-2-benzothiazolyl 
disulfide at lower temperatures than do sulfenamide compounds, 


5. Aminomethyl derivatives of 2-mercaptobenzothiazole do not have an independent cross-linking 
«vulcanizing) effect on rubber, 
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INFLUENCE OF IONIZING RADIATIONS ON THE DISPERSITY 
OF AEROSOLS 


V. Fe. Dunskii and N. S. Smirnov 


Institute of Combustible Minerals, Academy of Sciences ,USSR 
Moscow Plant Protection Station 


Our investigations [1] have shown that when highly disperse aerosols (ordinary moist air) are exposed to 
ionizing radiations,the size and concentration of the disperse phase particles are increased, with formation of 
visible mists, 


In this investigation experiments on irradiation by ionizing radiations were performed in a laboratory 
aerosol unit shown schematically in Fig, 1. 


Air passed from the compressor 1 into the cylinder 2, and then through the rheometers 3 into the coil 4 
of the electric preheater 5, where it was heated to 400°, The heated air entered the beaker 6 filled with trans- 
former oil, The mixture of heated air and vapor of the mist former passed out through the exit tube (4 mm 
internal diameter) at a velocity of 40.5 m/ second, forming a turbulent stream in which a mist of the high- 
boiling fraction of transformer oil was produced, The aerosol stream entered a small aerodynamic tube of square 
cross sedtion(18 X18 cm), 70 cm long, in which a current of air with a velocity of 2.3 m/ second is created 
by means of the fan 8, The velocity of the aerosol stream differs in different parts of the aerodynamic tube, 
but by our proposed method [2] it is possible to calculate the average velocity of the aerosol stream (Uay) over 
small ranges of distance (X) from the mist-former tube, The calculated results are given in Table 1, 


TABLE 1 


Average Velocity U,, and Residence Time (AT) of the Aerosol in the Tube 
at Various Distances (X) from the Mist-Former Tube 


X [em] DiS — 712A bi 22=-27,0!| a sooao 55—70 
Ugy[em/ec) 880 391 305 264 243 
At [sec] | 5,7-10-8] 12,8-10-3 | 16,4 -10-8 38-10-8 | 61,7-10-8 


Table 1 shows that the velocity of the aerosol stream in the aerodynamic tube varied from 8.8 to 2.4 
m/ second (average velocity 3,1 m/second), Each element of the aerosol volume remained in the aerodynamic 


tube for about 0,022 second, 

The aerosol was made from a high-boiling (> 320°) fraction of transformer oil by the condensation meth~ 
od, the hot (400°) mixture of oil vapor and air being mixed with air at 17°, The concentration of the disperse 
phase in the aerosol stream varied between 0,556 ° 107" and 3,328 ° 107% g/ liter, 

In each experiment the aerosol was blown into the aerodynamic tube for 8 minutes, The aerosol particle 


size was previously determined microscopically; the aerosol consisted mainly of droplets of radius <T5s40 
cm, The approximate particle concentration of the aerosol in the aerodynamic tube varied between 10° and 108 


per cubic centimeter, 
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A ‘ 60: : 
The aerosol stream was irradiated by y -quanta emitted by radioactive cobalt (Co”). The radiation 
source was made from cobalt wires (1 = 1.5 cm, d = 0.05 cm) situated at a distance of 0.5 cm from the mist~- 
former tube (see Fig, 2), The total activity of the source was 1.85 microcurie. 


Ionization of the air in the aerodynamic tube was calculated by the usual methods, widely used in dosim~ 
etric practice [3], The results are given in Table 2, 
TABLE 2 


Dose Rate (P), Ionization Rate (q),and Equilibrium Ion Concentrate (c* ) at Different Dis- 
tances (X) from the Source 


X [cm] 


P (r/ sec) 2,6 2,6 2,51-10-5 | 7,40-10-* | 1,36-10-8 
q (i.p./ cc.sec) * 553-407 | 5,53-405 | 5,22-40# | 4,5-108 2,82-108 
é + (i,p./cc)* 5,87. 5,9 4,84-405 9 84-104 4,24-10 


*i.p. = ion pairs, 


Table 2 shows that ionization of air in the aerodynamic tube was 3-7 orders of magnitude greater than 
the natural ionization of air (q_ from 5 to 10 i.p./ ccssecond, c from 2 to 5° 10? i.p./ cc).* 


Changes in the disperse phase of the aerosol were observed by two methods, The usual method was used 
for the particles in the microscopic range, A glass slide 9 (Fig. 1) was placed at the tube outlet for sedimenta- 
’ tion of particles from the stream of oil mist. After the experiment the slide was examined under the microscope 
at magnifications of X 120 and X 600, and the settled droplets were measured and counted, 


Fig, 1. Apparatus for formation of oil mists, 


For observation of the fine aerosol fractions (¢ < 7.5 ° 10° * cm) a filter 10 of the cascade impactor type 
[4] was placed in the stream (Fig, 1), The aerosol was drawn through the cascade impactor and the rheometer 
12 by means of the vacuum pump 11; all the coarse particles were retained on the plates of the first impactor 
stages, while the finer particles (r < 7.5 ° 10™° cm) were partially retained by a cotton-woal filter placed be - 
yond the first stages, The weight of particles of this fraction retained by the filter was calculated per unit 
aerosol volume from the weight increase of the filter and the volume of aerosol which passed through the filter, ** 


The two methods did not give a complete characterization of all the disperse phase of the aerosol. How- 
ever, they give an indication of changes in the dispersity of the mist and of filtration efficiency, 


* The total radiation dose in 8 hours at 70 cm from the source is 0,039 r, which is below the permissible limit 
(0,050 r), At a distance of 1 m this dose is 0,019 r, which is just over one third of the permissible dose, 

** In all experiments part of the fine fraction passed through the cotton-wool filter and entered the atmosphere, 
An oil mist was always visible at the outlet of the vacuum pump. 


424 


We have shown [5, 6] that aerosol particles formed by the condensation method are not electrically charg~- 
ed and can acquire charges only as the result of natural ionization of the air, The charging time of an aerosol 
under natural conditions was determined by the following experiments, A mist consisting of the principal com- 
ponent of technical oils (oleic acid) was produced by the condensation method in an aerosol chamber (V = 1 m?), 
The particle concentration of the aerosol was ~10° particles/cc, and the particle size was from 2.5 * 107° to 
7.5° 107° cm, After the aerosol hadbeen mixed,samples were taken and variations of the contents of charged 
particles with time of existence of the mist were determined, The number of charged droplets was determined 
by the horizontal electric field method [7], The results of the determinations are presented in Fig. 3, where the 
ordinates represent the total numbers of positive and negative particles as percentages of the total numbers of 
particles cqunted in the aerosol samples (fram 400 to 200 particles in each sample), 


2 


BE 
t 400°C 


Fig. 2, Irradiation of aerosol stream by Co®® y-quanta: 1) 
beaker; 2) aerodynamic tube; 3) glass slide; *) sources of 
y -radiation, 


It is known that natural ionization of air is determined by the ionization rate (q), and concentrations of 
small ions (c +) and medium and large ions (N +), The content of medium and large ions (N +) varies over a 
wide range and depends on the purity of the air. To determine the influence of air purity on the charging 
time of aerosols, freshly-prepared mist containing 104-105 particles/ cc was introduced into the aerosol chamber 
(V = 20 liters), One series of experiments was carried out with ordinary unpurified air, and the others in the 
chamber containing previously -purified air. The results of these experiments are plotted in Fig. 4, 
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Fig. 4. Time variation of the relative 
contents (%) of charged particles in oleic 
acid mist: 1) unpurified air; 2) air pre- 
viously purified. 


Fig, 3. Variation of relative contents 
of charged particles in oleic acid mist 
(%) with the age of the aerosol (minutes), 


It is clear from Figs.3 and 4 that aerosol particles obtained by the condensation method are almost all 
uncharged (not more than 10% are charged); under natural ionization conditions the aerosol particles become 
charged slowly, especially in pure air. 

Changes in the dispersity of microscopic droplets of a mist formed from a high~boiling ( 7 320°) frac- 
tion of transformer oil after irradiation of the aerosol by Co®’ y-quanta can be expected in terms of the num~ 
bers of droplets precipitated per 1 cm? surface area. The results of such analyses are presented in Table 3, 

Table 3 shows that irradiation of the mist stream by Gor* y -quanta produces a coarse fraction (r > 2 p) 
which was not present in the aerosol before irradiation, 
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Changes in the amounts of ultramicroscopic and submicroscopic particles retained by the cotton -wool 


filter are presented in Table 4, 


Table 4 shows that after irradiation of a stream of transformer~oil mist with Co® y -quanta the number 
of particles retained by the filter from the mist increases by ~40%, 


TABLE 3 


Dispersity Changes of Microscopic Fractions as the Re~- 
sult of Irradiation of the Aerosol by Co®° y -quanta * 
Number of particles 
deposited per cm?, 


with radii 


Conditions 


Without irradiation® * 3.40 * 10° 


2.52 * 10° = 
With irradiation 1,15 » 10° 1,49 « 108 
2,51 * 108 0.63 * 10% 


“For greater clarity the particles are divided into two 
fractions with radii <2 p and >2 p respectively, 

** More than 12 experiments were performed without 
irradiation and in none were any particles found with 
radius greater than 2 yp, 


TABLE 4 


Change in the Amount of Aerosol Retained by the Filter 
as the Result of Irradiation by y -quanta 


Weight of re- 
tained particles 
per liter of 

aerosol filtered, 


8 


Amount of |Weight of 
aerosol drawn; aerosol re~ 
through fil- |tained by 
ter, g filter, g 


Conditions 


Without ir- 


radiation 0.4206 1.74 +1078 

” 0.3740 1.40 ° 1078 
With irradi - 0.5707 9.39 - 107° 
ation 0.5340 2.04 ° 10° 


The rapid processes which take place in prac- 
tical production of aerosols by the condensation 
method are complex and have not been studied suf- 
ficiently. These processes probably take place as 
follows; 1) aerosol particles arise spontaneously 
owing to the enormous supersaturation of the vapors 
of the numberous chemical compounds present in 
technical oil; 2) droplets are formed on particles 
of different sizes, always present in ordinary air; 

3) simultaneously with the formation of primary 
particles secondary particles are formed as the re- 
sult of rapid coagulation of the primary ones, espec~ 
ially at the initial stages, when the concentration of 
primary particles reaches from 10” to 10° per cc; 

4) vapor distills continuously from the small to the 
large droplets, All these processes lead to the forma- 
tion of a polydisperse mist; monodisperse aerosol 
systems do not exist in nature or in technical prac- 
tices” 


Irradiation of a mist stream by ionizing radia~- 
tions during formation and during the first instants 
of its existence complicates the above processes 
still further. However, ionizing radiations in general 
tend ta increase the particle size in irradiated aero~- 
sols, for the following reasons, 


1, When a vapor~air mixture is irradiated, 
even before it has left the outlet tube of the aerosol 
generator, high concentrations arise of ionized mol- 
ecules and atoms of all the constituents of ordinary 
air and the vapors of the complex organic substances 
contained in technical oils, 


High temperatures of the vapor~air mixture 
(~400°) and high radiation intensities at short dis- 
tances (0,5 cm) from the source probably favor 
formation of ions bearing several unit charges. 


2. In a very short-time (10° seconds [8]) 
the elementary ions formed are converted into mol- 
ecular complexes. Thus, irradiation of a hot-vapor~ 


air mixture favors formation of ready condensation centers, and therefore condensation of the vapors of the com~ 
ponents of technical oil at the instant of mixing of the vapor~air mixture with cold (also strongly ionized) air 
occurs preferentially on these centers, Thismay lead to increase in the size of the primary aerosol particles, as 
in aerosols formed without irradiation, primary particles arise on an enormous number of spontaneously formed 


condensation centers, 


esa de aren ; 
Under laboratory conditions almost monodisperse aerosols are sometimes obtained with great difficulty, 
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3, The uncharged small droplets formed (r = 10°7~ 107° cm), on becoming electrically charged, grow 
rapidly in size owing to condensational and coagulational growth of charged droplets, Usually uncharged drop- 
lets of this size become smaller as the result of evaporation as soon as they leave the narrow zone of enormous 
supersa turations, 


It is well known from the theory of bipolar diffusional charging of aerosol particles [9] that the rate of 
charging of aerosol particles increases with decreasing particle size and concentration; it rises sharply with 
increasing ionization of the air, For example, at q = 10° i,p./ ce » second, aerosols of concentration N < 10° 
particles/ cc of r = 10-4-1078 cm reach a steady state of charge distribution in 10* to 10 seconds, according to 
the particle size and concentration. The same aerosols at q = 10’ i.p./cc * second reach a steady state of charge 
distribution in time tT <1 second. 


Consequently, in our experiments on irradiation of mist streams by y -quanta the ionization rates q were 
from 5+ 10’ to 3+ 10° i.p./cc + second; these mists in all probability contained more charged particles, by 
several orders of magnitude, than the same aerosols obtained under natural ionization conditions at q from 2 to 
5 i, p./ cc * second, as under our conditions of artificial ionization even the time required to reach equilibrium 
distribution of charges is less than one second. 

SUMMARY 


1, Mists obtained by the condensation method become charged very slowly under natural conditions of 
air ionization. 


2, Irradiation of a stream of condensation mist by Co® y -quanta reduces the dispersity of its microscopic 
fractions, and the weight of finer particles(r < 7.5 - 107° cm) retained by the filter increases by: 40-45%, 


3. These results confirm our earlier experimental data concerning the influence of air ionization on the 
disperse phase of highly disperse aerosols, 
LITERATURE CITED 


[1] K. M. Merzhanoy,N.I. Peterimova, and N. S. Smirnov, Colloid J. 18, No. 5, 574 (1956)? 1. I. 
Belyaeva, A.E, Mikirov, and N. S. Smimov, Colloid J, 19, No. 1, 24 (1957).* 


[2] V. F. Dunskii, J. Tech, Phys, 25, 14, 2510-1 (1955), 


[3] V. Bochkarev, Keprim-Markus, M. L'vova, and Ya. Pruslin, Measurement of the Activity of 6- and 
y -Radiations [in Russian].(Izd. AN SSSR, Moscow, 1953), 


[4] V. F. Dunskii, Z, M. Yuzhnyi, and D, N. Khokhlov, Industrial Lab, No. 5, 575 (1955), 


- [5] N. S. Smirnov, Colloid J, 10, No. 6, 448 (1948), 
[6] N. S. Smirnov, Proc. Acad, Sci. USSR 58, No, 7, 1357 (1947), 
[7] N. A. Fuks and I, V. Petryanov, J. Phys, Chem. 4, No. 5,567 (1933) 


[81 L. Loeb, Fundamental Processes of Electrical Discharge in Gases (State Press, 1950) [Russian translation). 
[9] N. A. Fuks, Bull. Acad, Sci, USSR, Geogr.-Geophys, Ser. (1947). 
[10] P. V. Lisovskii, J. Phys. Chem, 14, 521 (1940), 


Recieved February 5, 1958 


* Original Russian pagination. See C,B, Translation. 


427 


¢ 
. 
i, (QN 
¥ ‘ \ 
: . 
2 ! ey, Dea 
a Sirs + ff y 2 
; 
f 
( & PP ey rye = i 
§ e 
} * ‘ - . har 7 “ 
E Pate vay EL aes vera Sagan bier Nie sauponste 
‘hee Fs Nal al Nal as Pe , ee ee ie 
. * is 4 ‘ 5 td pot ee 
aud 5 ad be hes oe ee Sint) ON l ie, “ thea £8 sri Ai ee ; 


it path 2° tee va St ane . ie i ne +e ; te} bpm lie ity Ss wal apart: ‘ite peer 9 “ak : : 
pe eae Ba tly aS i 4it Hi. irs iMbat al Ones ad eke iG tree teh pabes 258 ae, mien 
ee Sas % a Tip uescreen oR se ieee SRR RS Cepia ideite 
cl ta de ta aie i Sein a ae Ta a tale: ‘elias 
ie Lie Ss ae Wiggle. PROS ct Ste 
rae tgip iy a ses! pin Be 
8 ey Tage i 


REN as ipa 2) abi ; fas cutive FHhy, ta hi see Retrees agitpeey Saha 
a a ae er vnemu yaitdsicat e eh aot sg sa US ‘Jia Va 
‘ pags: Si LY teense wt oye “of grass ‘HAH Py ace ; i 
At : i ay Nts, me} tg Y ne nao eon "i es keh 
{ ' ae ats ey wre 

gt Of Oe Cale ae xf 

: é x ’ NF F ale A ty —e ty BGs 4 gts at abe 
eg ‘diane nS 


Pee ania Tanighs Sede isa ceas aS 


ee sini 
i danas A alla Suet: 


’ : a AF see . 
AYE oak A * : * i "s 


ih ae Die vo APR? al Da phaytes she Soltie 


: Hy Pak 


¢ 


j 1 
‘ ANS 
3 pee 4 
: * x A See Pes v<¢ Pie 
& a: is $ 7 = a3 if 1-4 
eee a ae eh A ae en eee ny a 3 > a 
‘teas les ae Ao =~ Ny thug 
i) i ee in Ss) bee ta) a or prey ee ¥raNT LT oS ers, oN, - a 
: ft * = & = 
Be ittat: eine $5 2) gtr ey Bn Cj ym. coped Ft VE TLS. ret 
ee —e 1 ; Mas H ry Per Oe) ‘4 Ne put 
; aa y 1 = ' a9 r -~ - 
WAJEKS EI Wt re “ihe RES RA 
2 of r 


se my Litesnse ear one Bonarda“ on eS a 
ae ae OE ec es 


Ps por X, ans et nite, on Sait OB 9 Omidien ea fay: a . xe Ris 


| oe : j RF c 7 : om (Pa0r yA) bh hs Oi 


Ma keds! ery bn | teas Sine. 0 ai WA Bee Bice 

TON ore | Pte Te eal bain 18h, Sata Bee 
Bean ms ais mig 2 AP; eat henuey “dhs: 3? ‘whine eI lan OBC eS i 
= one 3 Par) A a oh ay ‘oe wey a 


= aS veo : i RCS 


say? yrs si t.* Bats me CANN oP gapmiee ate we die oa Ni igs ae et 


ae ; ; at : ' ‘ “ | 4 
5. BA tert tana, { $8 ¢ ry, a e ey 4 emt ea eth ey, ad pie rey a gh ap, whet ies My ° 
\ eee ioe OS een ht CRA CO Wile? tare leet ; 
a Tas 2 oe Ay Nae te ‘ ¥ iz ue ? wee eae ay “ Tad a wae 
yA) } ‘ 4 ‘ . ’ 
Ris eae mete cre ky Pans i'4 iy Ped DUN Dal ret ahs Wa ay Catal 
ie. Rem Sarl As ; el 
» 2S. r ‘t ‘ 4 
Se iy ale AO RM ER ok mT Tun ns OB tok 
4 i » 
ie 
> 9 4 » Ny 
i : 
{ t ‘ 
De a ‘ { i 
} wy , 


INTERACTION OF CALCIUM HYDROXIDE AT ORDINARY 
TEMPERATURE WITH SAND OF DIFFERENT DISPERSITIES 


G. I. Logginov, P. A. Rebinder, and V. F. Abrosenkova 


Institute of Physical Chemistry, Academy of Sciences USSR, Moscow 


The reaction between calcium hydroxide in aqueous solution and crystalline silica proceeds extremely 
slowly at room temperature. However, if the interaction continues for long enough the layer of new substance 
formed becomes sufficiently thick to be detected by means of x-ray structural analysis [1], The appearance 
of a line characteristic of calcium monohydrosilicate, corresponding to an interplanar spacing of 3,01 A, was 
observed by us in x-ray patterns for lime~sand blocks with sand of an average dispersity of 0.4 m?/g after two 
years of storage [2]. With the use of finer sand, ground down to a specific surface of 7 m?/ g, the formation of 
calcium hydrosilicate was observed by Sominskii et al. [3] by x-ray analysis after only 7 days of storage of 
lime~sand blocks under moist conditions. In practice, the formation of hydrosilicate structures in such products 
as silicate bricks, beams, tiles, etc, is accelerated by hydrothermal treatment, The reaction between lime and 
sand under these conditions has been studied [4] sufficiently well to provide a basis for modern technological 
processes [5]. 


Our work on the physicochemical principles of wall-block production technology [6] shows that hydration 
hardening of the lime~sand mortar [7] is accompanied by the gradual development of a process inwhich caicium 
hydroxide is combined, with formation of a crystallizational calcium hydrosilicate structure at the surface of 
the sand grains [8]. 


The reaction between calcium hydroxide and sand was studied by means of the radioactive Can isotope, 
used in the form of Ca*(OH),. The kinetics of lime binding was studied by chemical determination of free 
lime. The material used was sand of Vol’sk origin, of different degrees of dispersity (specific surface S,); in 
its natural state with S, = 0.11 m?/g, and ground down to S; of 0,62, 0.95, 2.6 and 5,4 m*/g, 


In development of the determination techniques,measures were taken to restrict access of carbon dioxide 
and to account for the amount of lime combined as calcium carbonate, This correction did not exceed 5% of 
the total bound lime. In our experiments a sand sample varying in weight according to its fineness and reac- 
tion time (from 10 to 0.5 g) was placed in a 30 cc test tube, 20 cc of tagged Ca* (OH), solution, filtered to 
remove any precipitate, the concentration of which was close to saturation was added into the test tube. 


The experiments were performed at t° = 17° + 1° with repeated shaking of the test tubes, During the 
first 24 hours the tubes were shaken vigorously 4-5 times, and subsequently once every 24 hours, It was found 
that because of the length of the experiments, which were continued for 6 months, the intensity and duration 
of the shaking had no practical effects on the results, 


In these experiments the ratio of solid to liquid phase - sand to saturated solution of tagged calcium 
hydroxide - was between 0,02 to 0.8 in accordance with the interaction time and the fineness of the sand. 
Samples were taken after 7 days and 1, 2, 3, and 6 months, and the activity of the solution was determined in 
order to calculate the amount of calcium ions bound. In parallel experiments the kinetics of binding of lime 
from aqueous Ca(OH), solutions by sand was studied by the usual chemical method, The solid—liquid ratio, 
sampling intervals, shaking of the tubes, their storage and thermostatic control, and corrections for carbonation 
were the same as in experiments with the tagged solution, 
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The amounts of bound lime were determined by titration of samples of the Ca(OH), solution with 0.01 N 
hydrochloric acid in presence of phenolphthalein, The amounts were found from the difference between the 
CaO contents of the. original solution and the solutions sampled, The two methods gave results in good agree- 


ment, 


The average results were used for plotting curves representing the kinetics of binding of lime by sand of 
different degrees of dispersity; these are shown in Fig, 1. Regardless of the fineness of the sand, the binding 
process always consists of two stages; chemisorptive, which is complete within 1 hour from the start, and very 
prolonged chemical binding of calcium hydroxide, which proceeds at a constant rate, 


| 
Ca0,mg/g 


10 


Laas EF 
t,months 


Fig. 1. Kinetics of binding of calcium 
ions from saturated aqueous Ca(OH), 
solution by sand with specific surface 
S(nf/g); 1) 0.11 (not ground); 2) 0.62; 
3) 0,95; 4) 2.6; 5) 5.4, 


*Linearity”, when the binding rate falls to a constant (steady) 
minimum value, is reached after 1 hour, Subsequently the steady 
rate of binding of lime by the given portion of sand remains con- 
stant for 6 months, and probably longer, and therefore it is inde - 
pendent of the lime concentration in solution over a fairly wide 
range. This was also confirmed by special experiments with lime 
solutions of initial concentrations from 1.2 to 0.3 g CaO/ liter. 


The establishment of a constant rate of lime binding over 
a long period is evidently the result of calcium hydrosilicate forma- 
tion - a process which takes place in solution by recrystallization 
of the new phase from the forming supersaturated solution [9]. 


According to K. G, Krasil'nikov, this process should evident- 
ly culminate in complete binding of the lime in the form of hydro- 
silicate, which corresponds to a residual concentration of ~0.006 
g/ liter, i.e., hydrolytic equilibrium of calcium silicate in solu- 
tion [10]. In concentrated suspensions this process leads to the de- 
velopment of a crystallization structure [11] of hydrosilicate hard- 
ening, as is the case in our experiments with compact specimens 
(blocks) of lime-sand mortar. 


At the first stage of binding the principal process, which de- 


termines the initial highest binding rate, is chemisorptive formation of a thin layer of a surface chemical com- 
pound, calcium hydrosilicate, on the surface of the sand grains, 


The amount of adsorbed calcium hydroxide (mo/ M, mg CaO per g sand) was determined at the end of 
the first hour, after the stirred suspension could be filtered easily, The value of mo/ M increases in proportion 
to the value of S; The values found for m9/ M almost coincide with the intercepts cut off along the ordinate 
axis by the continuations of the linear regions of the kinetic curves for lime binding (Fig. 1), 


The specific surface of fine sand was determined by the low-temperature adsorption method, and the 
area occupied by a nominal CaO molecule was calculated fromthe average va lues for each degree of dispersity 


(Table 1), The average value of this area. 


gab Sp 108 
Daa (mo/M )N : 


where p is the molecular weight of lime (CaO) and N is the Avogadro number, was 10.2A” (42.5%), The 
average value of Sy and the value for the sorption of lime were used to calculate S; for coarse sand, as this is 
almost impossible to determine by the nitrogen-adsorption method, 


In addition, lime is bound by silicic acid which has passed into solution through the forming hydro- 
silicate film, The highest possible concentration of silicic acid in solution is determined by the maximum 
supersaturation of calcium hydrosiJicate under the given conditions, and is always very low because of the 
low solubility of hydrosflicate, All the silicic acid passing into solution in excess of this binds lime in the 
form of solid calcium hydrosilicate which is deposited in a finely divided state from solution. The free lime 


430 


concentration in our solutions always corresponds to a large excess over the concentrations coiresponding to 

the maximum supersaturations of calcium hydrosilicate in solution, Eventually, in addition to diffusion of 

silica from the surface of the sand grains into the solution, the film itself is dissolved and peptized by the solu- 
tion, i.e., it undergoes colloidal dissolution (chemical dispersion), As the result of all these complex processes, 
which lead to the formation of supersaturated calcium hydrosilicate solutions in the medium surrounding the 

sand grains, a maximum thickness of the hydrosilicate film becomes established on the grains, and this subsequent~ 
ly remains unchanged, The steady rate of lime binding from solution, determined by us for different initial grain 
sizes of sand ground in a vibratory mill, is no longer proportional to the specific surface of the sand (as at the 
initial stage), but rises more steeply with S, in accordance with a semicubic parabolic law (Fig. 2). 


3 
dm\ 4 2 
(Fn M = as; . 


This is consistent with the determining role of the rate of dissolution of the sand grains, which should 
evidently increase with increasing solubility of the smaller particles (in accordance with the Kelvin law), and 
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Fig, 2, Effect of specific surface Fig. 3. Strength of 20 mm cubes 
of sand on the binding rate of cal- containing 1 wt, part of calcium 
cium oxide: 1) experimental data; oxide to 4 wt. parts of sand as a func- 
2) calculated by formula. tion of specific surface, after storage 


times of; 1) 7 days; 2) 1 month; 3) 3 
months; 4) 6 months, 
with increasing imperfection (amorphousness) of the structure of the surface layer of quartz as the result of fine 
grinding, as was demonstrated by Khodakov [12]. 
We had shown earlier [13] that binding of Ca(OH), by sand is the direct cause of the prolonged increase 


in the strengthand stability of lime-sand products made by hydration hardening of lime (without hydrothermal 
treatment), The quantitative relationship between the increase of mechanical strength and the specific surface 


TABLE 1 TABLE 2 


Determination of the Area Occupied by a CaO Comparative Data for Structural Strength Due 
Molecule Adsorbed on Sand to Hydration Hardening 


Strength, kg/cm at age 


Bs oc kg/ S ig 0.90 Calculated 
m qs ME ° tal 
Sos an 10.14 Experimenta 


of the sand was established experimentally, For these experiments 20 mm cubes containing 1 part by weight of 
quicklime to 4 parts by weight of ground sand were made, with sands of the different specific surfaces in ques- 
tion, The amount of water was chosen so that the plasticity of the mix was the same in each case, Before the 
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strength tests the specimens were kept in desiccators without access of carbon dioxide. The specimens were 
tested for compressive strength and the results were used to plot p = f(S) curves (Fig. 3), showing the strength 
against the dispersity of the sand. 


At each age the specimen strength increased rapidly with increase of the dispersity of the sand, Thus, 
by a 50-fold increase of the specific surface over the Value for unground sand, the strength can be increased 7 


to 8 -fold. 


The strength increase is caused by two forms of hardening ~ of the hydration and the hydrosilicate types, 
If the linear portions of the p = f(S) curves in Fig, 3 are continued to their intersection with the ordinate axis, 
then the intercepts on the ordinate axis must evidently represent the numerical values of strength caused by 
hydration hardening, while the linear section of each curve represents the strength due to hydrosilicate hard- 
ening, The strength due to hydration hardening continues to increase for at least 6 months, This is explained 
by the influence of surface-active additives (sulfite alcohol liquor) which retard hydration hardening, and parti- 
cularly by the lengthy recrystallization of the new substances formed. 


To verify this hypothesis, cubes of the same size were made with quicklime containing an inert filler - 
chemically pure calcium carbonate — instead of sand, Results obtained in strength tests of these cubes are 
compared in Table 2 with the numerical values of the strength found from the ordinate intercepts, 


Analysis of these results reveals a linear relationship between the structural strength due to hydrosilicate 
hardening and the dispersity of the sand, in the form of the equation 


P= Pp + pS, 
where P is the total strength; Pp, is the structural strength due to hydration hardening; p is the "specific® 


strength due to hydrosilicate hardening, calculated per 1 m? of specific surface of the sand, 


Thus, if the specific surface of the disperse phase (sand) is sufficiently large, it is possible in practice to 
produce products of predetermined strength from local materials without the use of cement, The adopted 
technological procedure [14] was used for production of hollow (slotted) blocks 390 X 190 X 190 mm, with 
different proportions of quicklime and sand, In all cases the mixing water contained plastifying retarders of 
hydration hardening, which also gave rise to a structure of greater stability to external influences, 


Selected results of strength tests on these blocks, given in Table 3, give an idea of the extent of the slow 
strength increase, F 


TABLE 3 


Compressive Strength of Hollow Lime~Sand Blocks Stored in Air 


Mix composition, % Strength, kg/cm’, at age 


unground | mixing 7 1 3 6 


binder 2 
7% sand water days | mo | mo mo yrs 
48 


*Coarse sand, 
** Medium -grained sand. 


The data in Table 3 are based on average values for many batches of blocks made in the No, 3 production 
unit of the All-Union Scientific Research Institute of Fine Grinding of New Constructional Materials [15], All 
the batches showed a continuous increase of strength during air hardening, up to fourfold after 2 years, 


A weak point in the technological process for production of cement-free blocks based on quicklime with- 
out subsequent hydrothermal treatment, is the low initial strength of the products, so that the blocks cannot be 
transported by the usual methods (in bulk), 
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To increase the initial strength of the blocks under the adopted production procedure it is necssary to 
activate the sand filler and to improve the mixing of the components, Both these aims can be achieved simul- 
taneously if all the material is passed through a vibratory mill placed in the grinding unit before the mixer, 


The above conclusion is confirmed by the results of investigations of activation of sand filler and improve- 
ment of mixing, For these experiments 70 mm cubes were made from quicklime and sand in different propor- 
tions by weight, and ground together in an M-10 laboratory mill to a specific surface of 1,2 m?/ g, correspond - 
ing to about 1% residue on a sieve with 10,000 holes per cm*, The ratio of binder to unground sand filler (med~ 
ium~grained) was 1:3, As always, to retard hydration and to improve the properties of the product, 5% of cal- 
cium sulfate dihydrate was added (by weight) to the lime during grinding, and 0.3% of sulfite waste liquor, cal- 
culated as dry solids, (also on the weight of lime), was added to the mixing water, 


One batch of blocks was made by the usual standard method, while for the other batch the binder and sand 
were mixed by passage through a vibratory mill for 1 minute, The mixing with water and molding were the same 
for both batches, During the first 24 hours the strength of the blocks made with activated sana was greater, in 
accordance with the data in Table 4, by 66%, and at subsequent ages (except at 6 months) it was double, 


TABLE 4 


Compressive Strength of 70 mm Cubes Made with Sand-Lime (1:1) Binder, 
with 1:3 Binder—Sand Ratio (aging in air; activity of lime 56%) 


Filler - medium- 
grained sand 


Strength, kg/cm”, at age 


w/L* 


6 mo 


73 
108 


Not activated 
Activated 


*w/L = water—lime ratio. 


In addition to the above-named factors ~ activation and improved mixing —- the strength increase was 
influenced byincreased fineness of the mix when passed through a vibratory mill, This increased the specific 
surface, determined by sorption of tagged Ca®, from 1.2 to 1.3 m?/g, There is also a distinct difference be- 
tween the structures of activated and nonactivated specimens; specimens made from activated material are 
characterized by a more uniform and finer structure, 


SUMMARY 


1, A method was developed for investigation of binding of the calcium hydroxide by crystalline silica in 
an aqueous medium, with the aid of the ce isotope and by determination of the effective specific surface of 
sand from chemisorption data for the same isotope. This method can be used for determinations of specific sur- 
face of sands of any degree of dispersity, whereas the method of low-temperature adsorption of nitrogen can be 
used only with highly disperse sands (specific surface greater than 1 m?/ g), 

2, The rate of volume binding of lime remains constant with time for sand of given dispersity, and is 
independent of the residual lime concentration in solution, The relationship between the rate of binding of 
lime and the dispersity of the sand is represented by a semicubic parabolic equation. 

3, The interaction of lime with sand occurs by way of the supersaturated solution, and its rate increases 
with degree of supersaturation, 

4, The structural strength can be increased by 50% and over if the sand is activated by passage of the 
lime~sand mix through a vibratory mill, 

5, Elucidation of the mechanism of lime binding opens up new technological possibilities for increasing 
the strength of lime~-sand products by addition of substances which increase the rate of solution of silica in the 


aqueous medium, 
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CRYSTALLIZATION OF SUPERCOOLED ORGANIC LIQUIDS ON 
PARTICLES OF IMPURITIES AT VARIOUS TEMPERATURES 


G. L. Mikhnevich 
Odessa State University, Chair of Molecular Physics 


Supercooled melted metals are characterized by a spontaneous mechanism of crystal "nucleus" formation 
from the liquid phase [1], The organic compounds include a group (of which orthochlorobenzene is a representa - 
tive) in which nucleation proceeds analogously [2]. 


However, the spontaneous~pracess theory does not make it possible to calculate the activation energy U 
and the interfacial energy o in the equation for the nucleation probability I: 


pla! weak 
Tx Ce RT.” erat} - (1) 


where A is expressed in terms of the molecular weight M, the density p of the nucleus, the heat of fusion q, the 
melting point To, and the surface energy o; kis the Boltzmann constant; R is the gas constant a 


M2T%03 


Sosa 


, (2) 
where « is the shape factor of a crystal nucleus of the critical size (crystallization center), Therefore, approxi- 
mation of the experimental curve reduces to empirical selection of values of C, U, and o from a comparison 
of the experimental data with the values calculated from Equation (1) . 


The organic compounds include a group of slowly crystallizing substances, classified by Tammann as 
Group IV, for which complete plots of the number of crystallization centers as a function of temperature can 
be determined [3]. Typical representatives of this group are piperine (an alkaloid related to piperic acid) and 
betol (8 -naphthyl salicylate) [3,4]. This group is also included with the spontaneously crystallizing substances 
[2]. Some measure of agreement has been obtained for substances of the group between experimental data and 
calculated values based on the fluctuation theory, but only at the cost of a number of simplifying assumptions, 
among which is independence of C, U, and o of the temperature, However, although for liquid metals the 
activation energy U may be regarded as constant [5], in the case of organic liquids such an assumption is at 
variance with results of determinations of viscosity, electrical conductivity, and relaxation time over wide 


ranges of supercooling [6, 7]. 


Although better agreement was obtained in our calculations for betol when the dependence of U and o 
on temperature was taken into account, the theoretical curve was still flatter than the experimental [8}. In 
these calculations an attempt was also made to take into account the influence of development of the crystal- 
lization nuclei, which during the exposure time at constant temperature had not yet grown to dimensions visible 
under the microscope, To develop crystallization centers, the specimen is heated rapidly to a temperature at 
which the probability of formation of new centers is extremely low, while the growth rate of centers already 


formed is high, 
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The unsatisfactory results of the above-mentioned correlation and studies of the formation of crystalliza - 
tion centers over long periods of time at constant temperature [9] led to the conclusion that in the case of betol, 
piperine, and other substances of Tammann's group IV nucleation takes place on particles of active impurities 
which have not been removed during purification, In the present paper an attempt is made to interpret the ex- 
perimental relationship between nucleation and temperature in’ the light of the kinetic laws derived in the pre- 
vious investigations [9, 10], 


The experiments were performed as follows, The specimen was either in a sealed tube or consisted of a 
drop of melt bewween two cover glasses, wetting both glasses, Preliminary purification of the substance by te~- 
peated crystallization from alcohol and filtration turough a No. 4 glass filter did not completely remove all the 
solid impurity particles, Each prepared specimen was generally tested for reproducibility; it was taken through 
the whole cycle of operations under the same conditions, The number of crystallization centers decreased to a 
certain limiting value in the process, This means that some of the impurity particles became deactivated dur - 
ing repeated melting, which was always carried out at a temperature 5-10° above the melting point. The most 
stable particles remained in the specimen, The size distribution of these particles is characterized by the func- 
tion ¥ (r). 


The crystallized specimen, previously tested for reproducibility, was placed in a thermostat for fusion, 
and then transferred into another thermostat for exposure at temperature tz for time T (usually 2-10 minutes), 
The specimen was then placed for 2-4 minutes in a bath at the development temperature t? , To count the 
number of grains which had grown to visible size, the specimen was usually cooled in order to diminish their 
subsequent growth rate, This cycle was repeated at different exposure temperatures, The exposure time T et 
the temperature toe and the development time T p Were constant for all temperatures tee 


The resultant relationships between the number of crystal grains in unit volume of melt, per unit exposure 
time, and the absolute temperature of exposure are represented by curves known as Tammann curves, Tammann's 
own first experiments, performed with 5° intervals, revealed only single maxima on these curves [4]. Later, more 
thorough observations showed the existence of two adjacent maxima, first in the case of piperine [11], then in 
the case of betol.and later for other substances [12], The additional maximum, corresponding to a lower tempera- 
ture, arises as the result of the influence of the glass surface in a thin wall layer ~0.05 mm thick [13], Here 
the crystallization is slower than in the remaining volume [14], The melt in this layer is considered to have a 
certain oriented structure of anomalously high viscosity as compared with the viscosity of the liquid outside this 
layer, Thus the experimental curve is formed by superposition of two curves; one relates to crystallization 
centers which arise in the two wall layers, and the other to centers formed beyond the range of influence of the 
glass surface, 


It is significant for the subsequent discussion that the descending high-temperature branch of the resultant 
curve (Fig, 1, Region EKL) is the consequence of volume processes, while the low-temperature branch (Fig. 1, 
Region ABC) is determined by processes in surface layers, We have shown [9] that at high temperatures the kinetic 
process has a fluctuation mechanism, whereas at low temperatures the nuclei, initially of size r > ty, (where T 
is the critical size) merely grow as *ready® crystallization centers; at moderate temperatures all particles of 
size r > r, are expended first, after which all particles of r < r, are converted into crystallization centers as the 
result of fluctuations, Since the temperature curve covers a wide range of temperatures, we assume that all three 
processes occur at different regions in it, 


We now attempt to define more precisely the positions of these three regions by dividing the whole curve 
into three regions of supercooling, Region I in Fig. 1 contains the portion AB of the low-temperature region 
ABC, and terminates at the point of inflection B. Region III consists of the section KL of the high-temperature 
region EKL, and commences at the point of inflection K, Finally, Region II includes the whole region of the 
maxima, from the point of inflection B to the other point of inflection K, In studies of crystallization centers 
in all three regions it is necessary to perform "development® at t°, above the temperature of all these regions, 
At development temperature t? all the *nuclei,” at any stages of supersaturation represented by the curve 
ABCDEKL, are smaller than the critical size (1},)52 Corresponding to the temperature t°, Therefore, their con- 
version into crystallization centers should take place at this temperature as the result of fluctuations, At high 
temperatures the kinetics of formation of crystallization centers conforms to a first-order reaction equation [10] 
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N= Mog (t — e~*r!), (3) 


where & depends on the temperature, In this instance it corresponds to the temperature ty and we denote it 


as a, 
Pp 


The development time rT, and the exposure time T ¢ im all the experiments performed by the Tammann 
method were short (for betol T e ~ 4 minutes, for piperine, ~ 19 minutes) in relation to the time required for 
complete exhaustion of all the active impurities (~ 1 hour), There- 
fore it may be assumed that the integral number of crystallization 
grains found experimentally refers only to the initial stage of the 
process, represented by Equation (3), 


For these short development times T , we can confine our- 
selves to the first two terms in the resolution of Equation (3) into 
series: 


N= NoopTp- (4) 
We consider all three regions in detail. 


Region I, According to our assumption, in this temperature 
range all the nuclei are of a size conforming to the condition 


Fig. 1. Temperature dependence of the Po pela Fens 
number of crystallization centers in a . 


supercooled liquid (schematic), The initial distribution function is the same for all tempera- 


tures in the region: during the exposure time T , it is merely 
shifted into the direction of large r and becomes the function 
v(r + Ar), where Ar is determined by the rate of growth 


[pss Ute: (5) 


In “development,” the probability that the critical size (t),),, is reached increases as the size of the largest 
nucleus r,, and those following itapproach the critical size (1,)p- The extent of this approach is determined 
by the magnitude of Ar in Equation (5), and since the experimental value of T, was the same for all tempera- 
tures it is determined by the dependence of the rate Cp» on the temperature, 


A 
In Region I the factor | ware in Equation (1), which includes the work of formation of 


three -dimensional crystallization nuclei, is meaningless and should be disregarded, as will be shown below. 


The dependence of the number of observed crystallization grains on temperature is determined by the 
temperature dependence of the growth rate Cy, Let us assume that this latter dependence is determined by 
the activation energy Up, if it is expressed in terms of one of the equations of the fluctuation theory, either 
the Volmer equation 


U3, D 
Co = hy exp [- RT aT (6) 
or the Stranskii equation 
We ke fod U2 D " 
Co= carpe? _— Re ran): e 


where D/AT represents the work of formation of two-dimensional nuclei on the face of a three-dimensional 
crystal, and Uz is the activation energy of this process, 


The term containing the work of formation D /AT may be taken as equal to unity, as the whole range 
of the curve ABCDEKL lies at considerably greater degrees of supercooling than the main portion of the curve 
for the crystal growth rate against temperature, containing the maximum, Thus, for betol the curve ABCDEKL 
lies between -20 and +20°, while the maximum growth rate is found at about +63°[3, 15], Assume that the 
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dependence of the linear crystallization rate on the temperature is determined by the Volmer equation, namely 
by its first factor exp |— | , as of the two Equations (6) and (7) for Cp as a function of temperature the 


former gives a closer approximation to the experimental data for betol [15]. In these calculations for betol the 
activation energy was identified with the activation energy determined from the viscosity [16, 6], which we 
denote by U7. Since in Region I the points on the curve refer to the growth of “nuclei” in the wall layer, the 
activation energy Up should be greater here than for the rest of the curve, especially Region III, In view of the 
fact that in the wall layer crystallization centers are formed at about half the rate for ordinary layers [14], the 
value of viscosity was doubled, Accordingly, the activation energy was increased by a constant value of 364 
cal/ mole [8]. 


Thereby it was implicitly assumed that the variation of viscosity with temperature is the same in the sur- 
face layer as within the volume, since this relationship has not yet been investigated experimentally. If we 
adopt the above assumptions concerning the mechanism of the growth of the nuclei at temperature t, and of 
their formation at t°, and if we also assume that U, and U, depend similarly on the temperature, then the num- 
ber of observed crystalline grains in Region I should conform to the equation 


n = const en! ay (8) 


or 


lon = — _ + const, (9) 
where U, 
= pp lee: 
In Fig. 2, y is plotted against log n; Line 1 for betol and Line 2 for piperine. In both cases there is a 
good fit with the linear Equation (9), This was confirmed for 20 curves for betol, and 10 curves for piperine, 
determined by different workers [10, 17, 18}. 
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Fig. 2, Temperature dependence of the Fig. 3. Temperature dependence of the 
rate of conversion of impurity particles nucleation rate for Region AB of the curve 
above the critical size for Region AB of the in Fig. 1, in accordance with the spon- 
curve in Fig. 1: 1) for betol; 2) for taneous-mechanism theory: 1) for betol; 
piperine, 2) for piperine, 


The following objection may be raised against the application of Equation (8): it is possible that Equa - 
tion (1)for the spontaneous mechanism is valid rather than (8), but the influence of the term including the work 


' ; A f 
of formation of three-dimensional nuclei kr aT?’ 18 small that it has no appreciable effect on linearity, 


; A 
as in Region J the exponent KT AT? depends very slightly on temperature. To show that this is not the case 


the value of this term was calculated from data for Region III (see below), As before, y is taken along the 
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: nile 4 
abscissa axis in Fig, 3, and the sum 10 [ign + Farr | is taken along the ordinate axis, The values of log n 
were the same as in Fig, 2. There is found to be a systematic deviation from linearity. 


For further refinement, the work of formation of two-dimensional nuclei D/ kT was taken into account, 
but this correction did not alter the linear relationship, as it depends very little on the temperature in the re- 
gion ABCDEKL, as this region is far from the maximum on the curve for the rate of crystal growth, 


This confirms once again that the spontaneous mechanism is not applicable to Region I, as both the ex- 
ponential terms must be taken into account in Equation (1), 


However, the slope of the lines in Fig, 2 is considerably less then predicted byEquation (9), and therefore 
in reality the equation 


Ign == — ky +- const, (10) 
where k < 1 is valid, rather than Equation (9). | 


It follows that although our assumed temperature relationship for the activation energy holds satisfactorily, 
the absolute value of Uz is less than U,. Therefore quantitative agreement between experimental results and 
values calculated by means of Equations (6) or (7) cannot be expected, 


Crystal growth in supercooled liquids [19, 15, 20] has not been studied sufficiently as yet, and therefore 
any further conclusions would be premature, especially as in this case we are concerned with the growth of 
micro- rather than macrocrystals, 


Region III, In accordance with the assumption made earlier, the nuclei in this region (Region KL in Fig. 1) 
are smaller than the critical size 


Pore (Tres (11) 


corresponding to the exposure temperature, This size is reached only as the result of fluctuations, The num- 
ber of nuclei converted at time t into crystallization centers of size (1), during the exposure period should con~ 
form to Equation (3), In this case it is written in the form 


V-= Yoo (1 — ee"), (12) 
where oe, corresponds to the exposure temperature tee 


Since the exposure time T, is short., we have 
V == Voo%eTe- (12a) 


When the temperature is raised to t® all these crystallization centers are again converted into nuclei 
the sizes of which conform to the condition 


r<(rx)p- 

(13) 
Therefore, they again undergo fluctuational conversion, this time a secondary process, into new crystallization 
centers, Their number should conform to conditions (3) or (4). 


The dependence of the number of centers v on the temperature t2 In. this region is not the same as in 
the first, and it is determined by their formation as the result of fluctuations and not by their growth during 
exposure. This process is represented by Equation (14), derived earlier [9] 


(rie de a 
___ const = ee ("—r'm) dr. 


y =—— \ € (14) 
2 
ork) e r(t) 


It had been shown [9] that the dependence of v on temperature is determined by exp[=8 (ry,)71, and 
the number of centers n formed as the result of secondary conversion at the same "development™ temperature 


also depends on their number, 
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Thus, the number n should depend as follows on the temperature: 


2 15 
Ign = const — B (rx)e ee 
or, in another form 
A 
lgn = const — ———, (15a) 
gn = cor T, (ATY 
where 
AT = i. ata: T, 
or 
ko 
Inn = k, TFA (15b) 


107 
This is confirmed fairly accurately by the experimental data, In Fig. 4,values of T (AT) are taken 
e 
along the abscissa axis, and the corresponding centigrade temperatures are also indicated, and multiples of 
log n are taken along the ordinate axis. The linear relationship was confirmed for betol on the basis of more 
than 20 curves given by various authors [3, 4, 17], and for piperine on the basis of 10 curves [4, 11, 18]. One 
point of detail should be noted here, In Equation (15a), A is found from Equation (2), 


The value of .o is taken to be independent of the temperature, as is generally assumed, However, varia- 
tions of o with temperature, which are to be expected on general theoretical grounds, may not have any ap- 
preciable influence on the slope of the lines in Fig, 4. 
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Fig. 4. Effect of temperature on the rate of fluctuational conversion of impurity particles 
below the critical size in the temperature range corresponding to Region KL of the curve in 
Fig. 1: 1) for piperine; 2) quinic acid; 3) betol (interfacial energy o is assumed constant), 


Fig. 5. Effect of temperature on the rate of fluctuational conversion of impurity particles 
in the temperature range corresponding to Region KL of the curve in Fig. 1: 1) for piperine; 
2) quinic acid; 3) betol; for constant 6 = 4n0/kT, 


It was assumed previously [9] that the variations of 8, determined by the equation 


‘dno 
ee pe 16 
B Olidines J 
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have so little influence on the accuracy of the calculated results that this influence may be ignored, This can 
be confirmed if Equation (15a) is verified, not at constant o , but at constant B, It 1s sufficient for this pur- 


pose to express A in Equation (15a), based on Equation (2), as the constant 09 = 0/T, when Equation (15a) be~ 
comes 


¥M2T 26 T2 


0-0 
(aT) (17) 


lgn = const — ( Pe 


Figure 5 shows that the linear relationship in this case is no less satisfactory than at constant o. 


Our Equations (15a) or (17) can be used for calculating the interfacial energy from the slopes of the linear 
plots (Fig. 4 or 5), i.e., from the value of A. The remaining quantities Gd: P» To may in the first ayproxima~ 
tion be given values determined experimentally for macrocrystals, However, for this it is necessary to deter- 
mine accurate data for Region III, as the data available in the literature are generally restricted to Region II, 
A rough calculation based on published data [3] gives the value o~ 10 ergs / cm? for betol, 


Region II contains both maxima of the temperature curve, On the high-temperature side this region 
should begin at temperature tz, at which the radius of the largest crystallization center r,,, coincides with the 
critical size 1, for the same temperature. If we imagine that the exposure temperature is reduced, starting 
from ty, then the first of the nuclei originating in time T. are larger than (r),)e, and the subsequent ones are 
smaller, The region terminates at a temperature at which all the centers relating to the interval T ,, are larger 
than (Tes Since the expesure. is of finite duration, each of the maxima {s diffuse. The question of the form 
of the maxima requires further experimental study. 


Despite the fact that the results obtained by Tammann’s method refer to crystallization on particles of 
accidental impurities, they can be used for determinations of surface energy at crystal~melt interfaces, 
SUMMARY 


1, The dependence of the number of crystallization centers in supercooled liquids on the temperature 
is examined, This relationship is represented by a curve which may be subdivided into three regions, correspond- 
ing to different growth mechanisms of the nuclei. 


2, The low-temperature region of this curve corresponds to a stage at which the nuclei consist of im- 
purity particles coated with a crystalline layer of the substance in the melt, At this stageynuclei above the 
critical size grow monotonically. Crystallizatior centers are not formed at this stage, 


3. The high-temperature region of the curve corresponds to conversion of the impurity particles into 
crystallization centers as the result of fluctuations, as in this case they are below the critical size, 


4, At the*development™ temperature all the impurity particles are below the critical size corresponding 
to this temperature, and are converted into crystallization centers as the result of fluctuations, 


5. The relationship between the number of centers n and the temperature in the high-temperature region 
is represented by Equation (15b), where the constant ky can be used for determination of the interfacial energyo. 
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RELATIONSHIP BETWEEN FATIGUE RESISTANCE, STRENGTH, 
HYSTERESIS, AND CHEMICAL RESISTANGE OF RUBBERS 


M. M. Resnikovskii, L. S. Priss, and M. K. Khromoyv 
Scientific Research Institute of the Tire Industry, Moscow 


In this communication an attempt is made to elucidate a number of relationships existing between the 
fatigue characteristics of rubbers and their other properties, Fatigue is taken to mean changes in the proper- 
ties of a material under the influence of mechanical stresses, ultimately leading to destruction, 


In addition to mechanical forces, other (monmechanical) factors such as light, heat, chemically active 
media, etc,, influence the fatigue process. However, the action of these factors is such that while it changes 
the properties of the material, usually in an unfavorable direction, it does not in itself (i.e., in absence of ex~ 
ternal forces) lead to destruction, Therefore, a clear distinction must be made between the concepts of “fatigue” 
and *"aging®, in view of the fact that the latter implies only changes in properties caused by the action of non- 
mechanical factors. 


The aging of polymer materials, including rubbers, has been the subject of numerous investigations [1-3], 
the practical consequence of which has been that a number of substances, known as aging retarders, which pro~ 
tect the polymer against the action of light, oxygen, ozone, etc,,ave been recommended, In a number of cases 
these substances also have a substantial positive influence on fatigue resistance, This possibly explains why 
many authors [4] tend to regard fatigue as a special form of aging, accelerated and intensified by mechanical 
forces, The inadequacy of this approach to studies of fatigue is obvious, if only because attention is focused on 
changes in the properties of the material with time, while the actual strength, i.e., the resistance of the material 
to destruction, is not considered. 


We believe that certain general and probably very important information on the nature of fatigue can be 
obtained by a more detailed consideration of the relationship between fatigue characteristics and certain other 
properties, relatively simpler and therefore better studied, These primarily include the strength, characterized 
by the tensile strength, and chemical resistance, characterized by resistance to various forms of aging. 


The connection between fatigue strength, strength under a single loading (subsequently described as the 
tensile strength) and chemical resistance (or resistance to aging) is evident from a consideration of the fatigue 
stress corresponding to the minimum and maximum fatigue life. 


It is evident that the greater the stress amplitude and the lower the fatigue life, the nearer is fatigue break~ 
down in character to ordinary physical rupture, At the limit, when the fatigue life decreases to a single cycle, 
the fatigue stress under alternating symmetrical load coincides with the tensile strength, It is equally obvious 
that in tests under asymmetric loading, which leads to rapid destruction, the tensile strength has the decisive in- 


fluence on fatigue stress, 


The time to failure increases with decrease of the applied stress, The factors which determine the 
fatigue life of the rubber at the limit are not mechanical stresses but other factors responsible for aging (light, 


heat, corrosive media, etc.). 


In general, the proposition that the fatigue stress of a material increases with its tensile strength and 
chemical resistance as characterized by resistance to various forms of aging is so obvious that no special proof 


is necessary. 
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It is easy to show, however, that dynamic fatigue is not determined only by the strength characteristics 
and chemical resistance of the rubber. Indeed, it is known that the time to failure decreases sharply if static 
fatigue is replaced by dynamic (with the same maximum value of the deforming stress), This fact cannot be 
explained if it is assumed that fatigue stress depends only on the tensile strength and aging, Furthermore, our 
data on fatigue stress at a fatigue life of 10° cycles (data determined in the preceding investigation [5]) did 
not show any definite correlation with tensile strength or aging characteristics. 


Finally, the fatigue life (the number of cycles to failure) at a given experimental temperature over a 
certain range depends little on the frequency [6, 7]; i.¢., the timé to failure falls sharply with increase of 
frequency, which is also inexplicable in the light of the above concept, as in that case the time to failure and 
not the number of cycles should be independent of frequency. 


It is reported in a number of papers that the greater the mechanical losses associated with hysteresis the 
lower is the fatigue stress for rubbers, This fact is quite explicable if the temperature during the test is deter- 
mined by the hysteresis properties of the specimen, However, there is reason to believe that even at the same 
temperature and under other equal conditions a rubber with the greater internal friction should have lower re~- 
sistance to dynamic fatigue, 


To test this hypothesis, we correlate the dynamic fatigue stress for vulcanizates of different rubbers, dif- 
fering in degree of vulcanization, filler contents, etc., with the corresponding internal friction data, Data 
presented in the previous communication [5] are used for this purpose, 


Since vulcanizates differing in internal friction usually also differ in strength which, as already stated, 
is one of the factors determining fatigue properties, it is reasonable to makeuse of dimensionless quantities 
representing the ratio of the dynamic fatigue stress f,;,(for a given fatigue life) to the tensile strength deter~ 
mined at the same temperature, or of other fatigue characteristics to the corresponding strength characteristics; 
for example, of the fatigue deformation €,, to the relative elongation at break, 


Figures 1 and 2 represent variations of the rathos fop/P and €op/ép (P is the tensile strength; ¢, is 
the relative elongation at break) with total sulfur and channel black contents, Whereas variations of the fatigue 
characteristics (the fatigue characteristics correspond to a fatigue life of 10° cycles, and were determined in 
alternating flex tests at 3000 cycles/ minute and 100° [5]) differed in character (the fatigue deformation passed 
through a maximum with increasing contents of sulfur and carbon, while the fatigue stress increased steadily), 
as is clear from Fig. 5 in the earlier paper [5], the dimensionless quantities for! Pand €9,/P varied symbatically, 
increasing with increase of vulcanization and decreasing with increase of carbon content, The general tendency 
to a decrease of fatigue resistance with increase of internal friction is clearly seen in Fig. 3, where for /P is 


O02 
Og "26 AOS OB Sermon 
Sulfur added, wt, parts Channel black content, wt. parts 
Fig. 1, Variations of (,/ P and €,,./ P with Fig. 2. Variations of fop/ P and €p,/ P with 
the total sulfur content of SKS-30A vulcani- the channel black content of SKS-30 vulcani- 
zates without filler, zates, 
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plotted against the modulus of internal friction [8] for vulcanizates differing in the nature of the rubber polymer, 
carbon content, etc. The considerable scattering of the data is to be expected, as the compared vulcanizates 
differ in other characteristics as well as internal friction, It is evident that a similar dependence on the modulus 
of internal friction also holds €or / €g. as this ratio varies symbatically with for/ Ps 


TABLE 1 


Results of Comparative Tests on Breaker Vulcanizates Based on Butadiene ~Styrene Rubber, 
with Different Moduli of Internal Friction” 


Carbon con- 
Total sulfur | tent wt.parts ae 


Code | content, % | per Loo'wt. |P, kg/cm? |£, kg/cm? |K, kg/cm 
parts rubber 


Fatigue life, 
10° cycles 


A 3,0 55,0 167,6 53,0 14,3 160 
B 3,5 49,5 158,5 ely Ae 310 
ie 4,0 44,0 174,7 52,0 9,65 440 
D 4,5 38,5 150,0 By Ais 8,8 580 


“Determined by L., Pevzner, graduate student of the Lomonosov Institute of Fine Chemical 
Technology, Moscow. 


A more definite conclusion concerning the dependence of the fatigue life of vulcanizates on their internal 
friction may be drawn from the results of the experiments described below; another object of these experiments 
was to determine the practical possibilities of increasing the fatigue resistance of rubber by lowering the inter- 
nal friction by variations of the formulation and technological procedures, 


The formulation of a standard breaker stock based on SKS-30A butadiene~styrene rubber (stock A in 
Table 1) was modified somewhat, with a higher sulfur content and a lower carbon content; these modifications 
were adjusted so as to keep the tensile strength and dynamic modulus E unchanged as far as possible. Four 


LE eee 
Modulus of internal friction K, kg/ cm? 

Fig. 3, Variations of f ef P with the modulus of inter- 

nal friction K (alterna fing flex tests, T = 100°): 1) with 

lamp black (SKS-30); 2) with channel black (SKS~-30); 

3) with different sulfur contents (SKS-30A). 


vulcanizates were prepared, with progressively decreasing filler contents and consequently with decreasing values 
of the modulus of internal friction K (mixes given in Table 1), Alternating flex tests on these rubbers at 100° 
and 20% deformation amplitude showed that their fatigue life increases steadily with décrease of the modulus 


of the internal friction. 
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Since all the fatigue-life data were determined at 100°, this result can be regarded as direct confirma - 
tion of the inverse relationship between internal friction and fatigue endurance of a rubber. In practice, de- 
crease of intemal friction is a highly effective way of increasing the fatigue life for the further reason that the 
lower the internal friction, the lower the temperature which develops in a massive specimen as the result of 
hysteresis, 


It is clear from the foregoing that under given conditions a rubber has a high fatigue stress if it has high 
tensile strength, high chemical resistance, and low internal friction, The relative role of these properties dif- 
fers with the conditions of loading and the nature of the nonmechanical influences. A comparison of data for 
natural and polybutadiene rubber vulcanizates, presented in Table 2, serves to illustrate the effects of fatigue 
conditions on the relative significance of physical and chemical factors. In addition to data on tensile strength, 
aging, and modulus of internal friction, Table 2 contains values of fatigue stress corresponding to harsh mechan- 
ical conditions (asymmetric load cycle). and low temperature, and mild mechanical conditions (symmetrical 
load cycle) in conjunction with a high test temperature. 


TABLE 2 


Comparison of Vulcanizates of Natural Rubber (NR) and SKB with Regard to Tensile Strength, 
Aging, Internal Friction, and Fatigue Stress Corresponding to Different Fatigue Life and 


Temperatures 
sae a ag Modulus Fatigue stress, kg/cm” 
Vulcani- Aging f in- 


ea pene (} Foo eeeeaenennnE- aap -taeeeeeenecieestemneneeenenenPuEnaE SORE RRR EEEEREIEREPemeeeeene 
afterag- ; fatigue life, asymmetric | symmetric 

zates of before ling (2 penition friction cycle, € = 150% cyele; fatigue 
aging hours) at +en 106 cycles, |4°108cy- | life 5 * 108 
j100° | kgf om!" |= Bee? oie, T = 80 ques = 


’ NR 
SKB 


290 
20 


It follows from Table 2 that with increase of aging time and temperature, when the role of mechanical 
factors diminishes and that of nonmechanical factors (temperature) increases, NR vulcanizates gradually lose 
their superiority over SKB vulcanizates, 


This comparison is of interest in principle, as it shows that the cause of the low fatigue life of SKB vul- 
canizates in many products, including tires, is their relatively low strength and high internal friction, With 
regard to chemical resistance,SKB vulcanizates are even superior to NR, although the latter give considerably 
better performance, It follows that for production of vulcanizates of high fatigue stress,attention must be de- 
voted not only to ways of increasing their chemical stability, but also to methods of synthesis and technological 
procedures for production of elastomers of high strength and low internal friction, 


SUMMARY 


1, In tests under the same temperature and other conditions,vulcanizates of higher internal friction have 
lower fatigue life, 


2, The fatigue resistance increases with increasing tensile strength and chemical resistance, and with 
decrease of internal friction, and the relative significance of each of these factors depends on the test condi- 
tions: loading procedure, temperature, surrounding medium, etc, 


The authors thank Professor B, A. Dogadkin for his interest in the work and discussion of the results, 
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INFLUENCE OF SIZE REDUCTION ON SOLUBILITY 
AND HEAT OF SOLUTION 


P. P, Ryazantsev and L. M. Shcherbakov 


The Tula Mechanical Institute 


As long ago as 1900,W. Ostwald [1] noted that a finely divided substance has higher solubility, and gave 
a theoretical interpretation of this phenomenon, It is true that this interpretation contained a fairly crude thermo- 
dynamic error, subsequently corrected by Freundlich [2]. In subsequent years the influence of size reduction on 
solubility has been verified experimentally; the very careful experiments of, Hullet [3], Glasstone [4], and 
Dundon [5] are worthy of special mention. The theory of this effect was subsequently expanded by Jones [6], 
who took into account the shape of the dissolving crystal, Among the later investigations, we may note the work 
of Lyalikov [7], concerned with an experimental verification of Ostwald's equation, and the theoretical papers 
by Semenchenko [8] and Rykov [9], in which this equation was developed further, 


In 1927 Lipsett, Johnson, and Maass [10] showed experimentally that the heat of solution of finely divided 
common salt is lower, A theoretical explanation of this effect was givenin 1945 by one of the present authors,” 
The formula derived for decrease of the heat of solution 


AL => 20vD (1) 


(where o is the surface tension of a crystal; v is its molar volume; D is the dispersity) was subsequently deduced 
by Rykov [9]. However, in both these studies, as in most other investigations in this field, the derivation involved 
a number of simplifying assumptions (in particular, the assumption that the solutions are ideal), which could not 
fail to influence the results, A rigid thermodynamic examination, which gives more precise relationships, is 
given below. 


It is first necessary to define more precisely the concept of surface tension of a solid. Strictly speaking, 
each crystal face has its own value for the surface tension o,, and the values of oj for different faces of an equilib- 
tium crystal are interrelated as defined by Vulf*s theorem [11): 


Opt Oe Gata ey tly hg tas 3 (2) 


where / , is the so-called Vulf distance for the i-th crystal face, However, in a thermodynamic discussion it 
is quite permissible to introduce a certain average value, characteristic for the crystal as a whole. For this we 
take the value of o defined by the equation: 


LS, ee : (3) 
which we shall term the surface tension of a solid, It should be pointed out that the methods described in the 


literature for experimental determination of surface energy do not give the surface tensions of individual faces, 
but a certain average value, corresponding to our o, 


The question of the dispersity of the crystal grains must also be defined, Dispersity is usually character- 


* This work was not published because of war conditions, 
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ized in terms of effective radius r, which is the radius of a sphere of equivalent volume. However, bodies of 
equal volume may vary greatly in surface area in accordance with their shape. Therefore, for complete char~- 
acterization of dispersity it is also necessary to introduce a certain shape factor —E. According to Strebeiko [12], 
this factor may be defined as the ratio of the surface area of the particle to the area of a sphere of equivalent 
volume, Accordingly, we adopt the following ratio as the measure of dispersity: 


D=6/r. (4) 


It is easily seen that this measure of dispersity is related to the specific surface s = S/ V of a particle as 
follows: 


Ae arr Loe Dale (5) 
Ash vy eon a abi h ( 
as 


In passing to the derivation of the required relationships, let us consider the two-component system "crystal- 
line grain (indicated’) = saturated solution (indicated i }* It is assumed that the grain consists of a single com- 
ponent (I), while the solution contains both components (solute I and solvent II), For the free energy of the sys~ 
tem we have: 


F=F'+F*+oS, (6) 


where o is the average surface tension defined in Equation (3). The equilibrium conditions for the system can 
be found from the principle of minimum free energy. The following additional conditions of constant tempera - 
ture and mechanical isolation must be applied to the system: 


T’ =T* =T" = const 
Vv’ + V” = const 
n, +n; = const . (7) 


Ns = const 
Moreover, it is necessary to take into account the condition of shape~-factor constancy which follows from Vulf*s 
theorem and which can be represented mathematically as 
— = const, (Ta) 
where €& is the shape factor. 


Varying of Condition (6) with (7) and (7a) taken into account, and noting that 


Os E 
ae =2—-= 2D, 


we have 


BF = (141 — pa) 8n, — (p' — p") 8V’ 4. 20 Dav’. 
Hence, equating 5F to zero, we have the equilibrium conditions for the system: 


1 (P's T) = 14 (PT) |! 


p’ =p’ + 20D (8) 


The first of these equations may be written in the form 


ws (p" + 26D, T) = om (p’, T). 


We now resolve the left-hand side into the Taylor series, taking the first two terms only. Then, remember- 
ing that 
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On. 
Op ’ 


where v* is the molar volume of the crystalline phase, we have 


t, (p’, T) + 0’: 20D = pi (p", 7). 
By means of the known expression for the chemical potential of a solute 
(where y* is the part of the chemical potential independent of the concentration: fis the activity coefficient; 
N is the concentration in mole fractions), we can rewrite the previous expression in ‘the form 
vs (p", T) + 200'D = p* (p", T) + RT InfN. 

Analogously, for the substance before subdivision we have 

t, (p", T) =p" (p", 7) + RT In fN 

Substracting the lower from the upper equation, we have, after simple transformations, the generalized 


Ostwald equation 


200’ 


{N = fyNq-e8T ” , (9) 


which, in contrast to the usual Ostwald equation, is applicable to substances forming nonideal solutions, 


For not very high dispersities (D = 10* cm™!, which corresponds to particles for radiusr = 1 p) the dif- 
ference between the activity coefficients f and fy may be disregarded, and Equation (9) then becomes 


Qav’ 


Noo Newt (9a) 


Hence, by resolution into the Taylor series, and taking only the first two terms, we have the following equation 
for the relative solubility increase due to subdivision 


AN _N—No _ 200" py 
Nea ere es) BE (10) 


According to Born and Stern [13] the surface tension of crystals of the NaCl type is given by the formula* 
e2 
oi k; 7? 


where e is the unit charge; a is the lattice constant, and k is a numerical factor the value of which differs for 
different faces, In particular, for the (100) face this factor is 0,016. Accordingly, for the average value of o, 
we can write 


(k is the average value of the factor), The molar volume of the crystal is v’ = N Ag (Na is the Avogadro 
number ), 


* Strictly speaking, the crystal lattice theory makes it possible to calculate the total specific surface energy €, 
but near absolute zero € coincides with o. 
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Hence 
2 
op’ =k Nae =k. Nye’, (11) 


i.e., for salts of the NaCl type the product of surface tension and molar volume is constant. This result can 
apparently be extended to other types of crystals, although the numerical value of the constant in Equation (11) 
may differ.* 


Using this result, we find from Equation (10) that for crystals of the same class at equal temperatures the 
relative solubility increase AN/N resulting at subdivision to a definite dispersity should be approximately the 
same. 


For derivation of an equation for the effect of dispersity on heat of solution, we consider a solution volume 
which is so large that dissolution of a crystal does not alter the concentration. For the enthalpy change in the 
dissolution process, we have: 


AH = H —(H'+ H,+ H") = (H — H' — H")—H, = AH, — H,, 
where AHp is the enthalpy change of the volume phases, and Hg is the surface enthalpy, equal to € « S (é is the 


total specific surface energy), Differentiation of this expression with respect to the mass (in moles) of the dis~ 
solving crystal, we have the following expression for the molar differential heat of solution: 


oH, 
wig Tye ome 
0AH ; i 
Here Lo = an is the molar differential heat of solution of the compact substance (before subdivision), and 


OH as ’ 
8 OS OV =e OE” 


Gas One ae OAT 


Substituting this value into the preceding expression, we have the following equation for the decrease of the 
differential heat of solution as the result of subdivision of the solute: 


AL = L—L, = — 26v'D. (12) 


This equation differs from Equation (1) by containing, not the surface tension o of the crystal, but the 
specific total surface energy €, related as follows to the surface tension: 


Os 
eo Pap (13) 


With the aid of Equation (5), Equation (12) can be written in the form 


Se ph oS 2 
AL = —%s.x Swot yee (13a) 
i.e., the decrease of the differential heat of solution is 2/3 of the total surface energy of the comminuted 
solute, 


Lipsett, Johnson, and Maass [10] carried out an experimental study of the effect of subdivision on heat of 
solution. They designed a special adiabatic calorimeter and developed a technique for preparation of fine 
NaC] powders of a definite particle size, These were prepared by precipitation from the vapor phase, so that 
the possibility of mechanical strains in the forming crystallites was eliminated, The fractionation of the pow- 
der was effected during the precipitation process itself, by means of special apparatus, The particle sizes of 


the individual fractions were determined by microphotography, The results of their experiments are given in 
the table, : 


* See also [14], 
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Decrease of the Heat of Solution of Finely Divided Common Salt from the Data 
of Lipsett et al, [10], and Values of Specific Total Surface Energy Calculated 
from the Decreased Heat of Solution 


Average |Specific Decrease of | Heat of True de- —_| Specific 
particle surface heat of solu wetting Q crease of total surface 
Ge ameverd tlh tion, cal/ Re heat of solu+ energy & 
Ul cm%/ mole |/ mole tion AL, | ergs/cm 
| cal/ mole 
4,30 tes Pigs) 9,0 ono 
1,16 4,40 13.6 40,4 3.5 156 
, 00 1,62 1523 11,6 Dall 143 


Using these results and assuming AL equal simply to the total surface energy of the finely divided salt, 
Lipsett, Johnson, and Maass found the value of 386 ergs/ cm? for the specific surface energy* of NaCl. In real- 
ity, however, ALis only 2/3 E., so that this value must be multiplied by 1,5, and ¢€ for NaCl must be taken 
as 580 ergs / cm% This is much higher than the values derived from the lattice theory [13, 15, 16, 17] or the 


values of e¢€ for NaCl melts 


Values of ¢ for crystalline NaCl from [13].....150 — ergs/cm? 
wt 


a frortie:[15) oes. 164 s 
" " fromn[16]} vx: sa 2210 ke 
” Ls from= PLT} Pe).r. 130 ; 
” for Nacl, melts... from 4018): ee an 166 


The cause of this discrepancy lies in the fact that Lipsett, Johnson, and Maass did not take into account 
the heat of wetting of the salt surface, Under the usual conditions this effect is of no significance, However, 
in experiments with fine powders, the specific surface of which reaches values of the order of 10%m?/ mole, 
it is absolutely essential to take the heat of wetting into account, 


In this respect the earliest experiments of Lipsett, Johnson, and Maass must be regarded as more correct 
with regard to method; in these experiments no special steps were taken to prevent the action of water vapor 
on the salt before the dissolution, Under these conditions an adsorption layer of water was formed in the salt 
grains even before dissolution, so that it was possible to measure directly the lowering of the heat of solution. 
In the subsequent experiments there was no previous contact between water vapor and the salt surface, There~- 
fore, the determinations gave an aggregate effect composed of the lowering of the heat of solution AL and 
the heat of wetting Q. The heat of wetting must be substracted from the values found by Lipsett, Johnson, and 
~ Maass (see table) in order to find true values of AL. 


The heat of wetting can be calculated from the data in the first paper of Lipsett, Johnson, and Maass. 
For salt of specific (molar) surface sp = 1.25 * 108 cm?/ mole,the value was found to be Qy = 9 cal/ mole, Hence 
for salt of specific surface s, we have 


g =% 


So 


s=Q) = (14) 


Equation (14) can be used to find true values of AL, and hence the specific total surface energy of NaCl. The 
calculation results are given in the table, according to which the average value of ¢ for NaCl is 155 ergs / cm’, 
This value is in good agreement with the value given by the lattice theory and with the value of ¢€ for NaCl 


melts, 


* Lipsett, Johnson, and Maass make no distinction between the specific total surface energy ¢€ and the surface 


tension o. 
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SUMMARY 


1, The lowering of the heat of solution of a substance with decrease of particle size is demonstrated 
theoretically. 


2. It is shown that the reason why Lipsett, Johnson, and Maass obtained high values of €naci is that the 
heat of wetting of the salt surface was not taken into account, With the appropriate correction the value 


€nacl = 155 ergs/ cm? was obtained for the specific total surface energy of crystalline NaCl. 


The authors are deeply grateful to Corresponding Member (AN SSSR) B. V. Deryagin for valuable discus~- 

sions, 
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SORPTION OF IONS BY CARBOXYLIC RESINS IN THE 
HYDROGEN FORM 


G. V. Samsonov, Yu. B. Boltaks, N. P. Kuznetsova, 
A. P. Bashkovich, and R. B. Ponomareva 


Institute of High Polymers, Academy of Sciences USSR, Leningrad 


The sorption of ions by carboxylic resins in the hydrogen form has attracted attention in recent years in 
connection with reports of successful sorption of proteins from neutral solutions by such resins [1]. Before this 
it was regarded as obvious and conclusively proved that carboxylic resins in the acid (or hydrogen) form can 
take up ions only from alkaline solutions, because of the low degree of dissociation of the hydrogen, In order 
to explain the sorption of proteins and a number of other experimental facts it was necessary to carry out sys-~ 
tematic studies of the conditions for ion sorption by carboxylic resins in the hydrogen form, For example, it 
follows from the potentiometric titration curves of carboxylic resins (Fig, 1) that at solution pH of about 7 a 
considerable amount of sodium ions is present in the adsorbed equilibrium state in the resin, Nevertheless it 
is not possible to take up sodium ions from neutral chloride or sulfate solutions either under static or under dy- 
namic conditions atan appreciable rate, equal to the rate of cation sorption by carboxylic resins in the salt _ 
form. Under static conditions, i.e., in a stirred vessel, sorption of cations by carboxylic resins should evident- 
ly occur on neutralization of the desorbed hydrogen ions, for example by means of basic anion exchangers [2]. 
Thus, the low degree of sorption of cations by carboxylic resins in the hydrogen form from neutral solutions is 
inconsistent with the potentiometric titration curves, and can only be accounted for by the presence of kinetic 
obstacles to the process, There is reason to believe that sorption of proteins by carboxylic resins in the hydro- 
gen form proceeds successfully because of elimination of the slowest step in the sorption of H ions by carboxylic 
resins, 


Two hypotheses may be advanced to account for the low sorbability (low sorption rate) of ions on the 
resins under consideration: 

1, Diffusion of desorbed hydrogen ions from the resin grains into the solution is slow, probably because 
of the low equilibrium concentration of hydrogen ions in the resin, The equilibrium hydrogen-ion concentra - 


tion is indeed extremely low, as is shown by the potentiometric titration curves for carboxylic resins (Fig. 1). 
Accordingly, the rate of diffusion of hydrogen ions from the resin grains into the solution should be low, by 


Fick's law: 


Oc 
G= D-- 


(where G is the ion-diffusion rate and D is the coefficient of diffusion), as the concentration gradient dc/0x 
is small in this case, 


2, In experiments on the sorption of streptomycin [2] the slow diffusion of streptomycin into the grains 
of the carboxylic cation exchanger in the hydrogen form was regarded as the slowest stage of the process, Indeed, 
carboxylic resins in the hydrogen form are usually of low porosity and swell little and, in any event, a carboxylic 
cation exchanger in the hydrogen form swells less than the same resin in the salt form However, conclusions of 
this sort are extremely dubious in the light of the above-mentioned low sorption of sodium ions and the sorption 
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of large protein ions by carboxylic resins in the hydrogen form, 


Nevertheless, the problem of the causes of low 


sorption in a particular case (that of streptomycin) can be solved conclusively only after a direct analysis of 
such causes, and not as the result of indirect reasoning as in earlier publications [2]. 
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Fig. 1. Potentiometric titration curves for carboxylic resins: 
1,5. 70,1 N NaOH; 2) 0.1 N NaOH + 0.001 N NaCl; 3) 0,1 
N NaOH + 0.01 N NaCl; 4, 6.8-0.1 N NaOH + 0.1 N,NaCl. 


First we consider a possible second explanation of the low degree of sorption of ions by carboxylic resins 
in the hydrogen form. To obtain a direct answer to the problem, we studied the sorption of streptomycin by two 
samples of KMT carboxylic resin, synthesized by A, A, Vansheidt, A. V. Okhrimenko, and A, V. Tunik, The 
first resin sample was formed with a very small amount of cross-linking agent, and in the hydrogen form its 
swelling coefficient K,, (ratio of the volume of the resin swollen in water to the volume of dry resin) was 4,4, 


TABLE 1 


Sorption Capacity of KMT Carboxylic Resin 
in the Hydrogen (H) and Sodium (Na) Forms 
for Streptomycin Under Dynamic Conditions 


Sorption 
Resin form capacity, 
mg/ g 
H form 4.4 60° 
Na form 1.5 440 


whereas the second sample, formed with a larger amount 

of cross-linking agent had a swelling coefficient of only 

1.5 in the sodium form, Thus, the resin in the hydrogen 
form had considerably greater porosity than the second 
sample, which was used in the sodium form. Nevertheless, 
as is clear from Table 1, the dynamic sorption capacity of 
the hydrogen resin for streptomycin was considerably lower 
than the sorption capacity for streptomycin of the sodium 
form of the carboxylic resin under the same conditions (feed 
flow rate 60 ml/ cm? hour, streptomycin concentration 2 
mg/ml); thus itis quite impossible to attribute the low 
sorption of streptomycin by carboxylic resins in the hydro- 
gen form to low porosity and obstacles to diffusion of strepto- 
mycin ions into the resin grains, 


If we return to the first viewpoint that diffusion of desorbed hydrogen ions is the slowest state of the proc- 
ess, it is possible to check experimentally a number of consequences of this hypothesis, First, the sorption of 
cations of different properties and different ionic radii should proceed at comparable rates, within certain 
limits, from solutions of equal normality, Figure 2 shows that the kinetic curves for sorption of streptomycin 
and sodium by the carboxylic cation exchanger in the hydrogen form from solutions of equivalent concentra - 
tion in presence of a hydroxylic cation exchanger coincide almost completely. Of course, this resemblance 
between the kinetic curves disappears at very low ion concentrations or with resins of very low porosity, when 
only a small proportion of carboxyl groups is accessible to the large streptomycin ions, 
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The character of sorption of cations by carboxylic resins in the hydrogen form should change sharply on 
increase of the diffusion rate of hydrogen ions from the resin into the solution, It was therefore to be expected 
that sorption of cations by carboxylic resins in the hydrogen form should be more rapid from buffer solutions, 


tomycin 
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and sodium, 
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0 4 8 eo @ 20 24 26 hours 
Fig. 2. sorption of streptomycin and sodium by carboxylic ca-~- 
tion exchanger in presence of EDE anion exchanger in the basic 
form (Cg = initial concentration); 1) streptomycin (cg = 0.25 N); 
2) sodium ( Cp = 0.25 N); 3) streptomycin (cp = 0,025 N); 4) so- 
dium (cy = 0,025 N). 


Indeed, as Table 2 shows, the dynamic capacity for streptomycin from buffer solutions is high even at pH 4-6. 
Under the same conditions streptomycin is not adsorbed at all by KMT resin in the hydrogen form from neutral 
aqueous solutions, 

It follows from Table 2 that the introduction of limited amounts of neutral salts increases the sorption of 
streptomycin, This effect is easily explained as being due to increase of the equilibrium hydrogen-ion concen- 
tration in the resin grains on increase of the ionic strength of the solution, in accordance with the potentiometric 
titration curves (Fig. 1), which leads to an increase of the concentration gradient of the hydrogen ions between 


TABLE 2 


Sorption Capacity of KMT Resin in the Hydrogen Form for Strepto- 
mycin from Buffer Solutions and From Solutions Containing 


Na2SO4 


Sorption capac~ 
ity of strepto- 
mycin, mg/g 


NagSO, con- 
centration, 


Sorption capac~ 
ity of strepto- 
mycin,mg/ g 


PH of acetate 
buffer solution 
(0.3 M) 


3.19 0 
4,02 37.6 
5,09 3.6 
6.22 0 


the resin and solution and thus accelerates cation sorption, in harmony with the. considerations presented above. 
Moreover, shift of equilibrium in three-component systems may play a certain part here, The significance of 
the dimensions of the adsorbed ions in this effect is to some extent limited, and consequently a similar effect 
should be observed in sorption of metal ions, It is seen in Fig.3 that the rate of sorption of lanthanum also 
increases sharply on addition of a sodium salt (1,11 g NaCl per 380 ml solution), Increase of the sorption of 
ions by carboxylic resins in the hydrogen form on addition of competing ions is possible only if selective sorp~ 


tion takes place, 
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Next we must consider the sorption of proteins by carboxylic resins in the hydrogen form. We had shown 
earlier [3] that sorption of dipolar ions by sulfonic resins in the hydrogen form is accompanied by transfer of 


hydrogen ions to the carboxyl groups and conversion of dipolar ions into cations. Sorption of dipolar ions by 
carboxylic ions in the hydrogen form also proceeds 


without acidification of the solution, and therefore 
it can be represented as follows: 


Ww 


A a eee ee 
| ROHt + H}+NR,COO~ 2 RDH}NR,COOH, 


where Ry is the resin polymer radical;H*;NRgCOO™ 
is the dipolar ion in solution, According to this re- 
action, sorption of dipolar ions occurs under condi - 
tions such that transfer of hydrogen ions from the 
resin grains into solution is excluded, and this ex- 
cludes the slowest stage in the sorption of ions by 
carboxylic resins in the hydrogen form, It is there- 
fore quite clear that dipolar ions, in contrast to cat- 
: ‘ 3 +a ions, are adsorbed by carboxylic resins from neutral 
Fig. 3. Sorption of lanthanum by KB~- solutions, For example, the antibiotic albomycin, 
4P-2 carboxylic resin in the hydrogen which is present in neutral solutions in the form of 
form: A is the instant of NaCl addi- dipolar ions [4], is adsorbed by KMT carboxylic resin 
tion. in the hydrogen form (K,,, = 2,15), the capacity of 
which is tens of times as great as that of the same . 
TABLE 3 resin in the sodium form, because adsorption of dipolar 
Sorption Capacity for Proteins of Carboxylic Resins in apap Dy ication Seepage se Te oN Oe prec 
the Hydrogen and Sodium Forms [3]. A similar situation is seen in the sorption of pro 
teins by KMT resin, For investigation of this effect 
. Sorption capacity a series of resin specimens was synthesized, and two 
iy ee : were selected, of which one had a swelling coeffici- 
ent of 3,6 in the hydrogen form and the other had the 
same swelling coefficient in the sodium form. The 
experiments were performed under static conditions 
with finely ground resins, settling through water in 
15-30 minutes from a height of 20-30 cm. Table 3 


YW X 


Sorption of lanthanum, meq/g 
\ 


Protein 


H form of | Na form of 


S Ibumin. 

par 16 shows that most proteins are adsorbed considerably 
y-Globulin 40 better by carboxylic resins in the hydrogen form than 
i esocarizenopin 7" by the corresponding resins in the sodium form. 
Chymotrypsinogen 136 The above experimental results suggest that 


the combination of peculiar phenomena observed in 
the sorption of ions by carboxylic resins in the hydro- 
gen form is primarily associated with retarded diffusion of hydrogen ions from the resin grains into the solution, 


SUMMARY 


1, The low sorption of cations by carboxylic resins in the hydrogen form is due to the low rate of hydrogen- 
{on diffusion from the resin into the solution, 


2, The specific characteristics of sorption of cations by carboxylic resins apply both to metal ions and 
to ions of large size, 


3, Dipolar ions can be adsorbed by carboxy] resins in the hydrogen form, as this process does not involve 
transfer of hydrogen ions into solution, 
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INVESTIGATION OF THE STRUCTUROMECHANICAL AND 
RHEOLOGICAL PROPERTIES OF UNMODIFIED THICKENERS 


A. V. Senakhov and F, I. Sadov 


The Moscow Textile Institute 


The basic principles of fabric printing have been studied very little as yet. This is especially true of the 
deformation properties of printing pastes, The general purpose of this investigation was to study the principal 
deformation characteristics of thickeners and simple model substances, as they determine the corresponding 
properties of printing pastes, 


The existing publications in this field [1-3, etc.] are mainly concerned with viscosimetric studies of the 
flow of printing pastes and thickeners under different stresses, A common and fundamental defect of the results 
is that they all apply only to certain arbitrary stress regions, i.e., they correspond only to definite portions of 
the corresponding-flow curves, The structuromechanical properties of thickeners and printing pastes used in the 
textile industry have never been studied before, 


The investigation of the structuromechanical properties of thickener solutions was based on Rebinder’s 
system of elasticoplasticoviscous properties [4], This system has been used in a number of investigations in 
which structuromechanical properties were studied by various methods, including the tangential displacement 
of a plate in a plane gap [5], and the use of the Shvedov type of rotational instrument [6]. 


The plate method [7] was used in the present study, The model characteristics Ey, Eg, 11. Ng, Py. and the 
values of Pjjp, were determined by the plate method with the aid of a disk pulley and weights, described earlier 
[5]; P,; was measured by the plate method with the aid of calibrated steel dynamometer springs [7]. Aqueous 
solutions of thickeners were prepared by special techniques which differed for each thickener, The time during 
which the solutions were kept in cells before the start of the determinations, necessary for complete structuriza ~ 
tion, also differed for different thickeners, but was not less than 3-4 hours, 


Ordinary technical samples of thickeners were used for the investigation, 


The sections of the flow curves required for construction of the complete rheological curves were deter- 
mined by means of a modified Stormer viscosimeter [8]. 
First, the deformation kinetics of thickener solutions was studied; for this, the shear deformation (¢€) was 


plotted against the time (T ) of action of the load (P) at various P = const = P.. 


The kinetic deformation curves (rT) are of a similar character both for a number of high polymers 
in the condensed state [9] and for their gels and solutions [6] and other disperse systems [5], The relationship 
may be represented by the following equation: 

P c P acct, kK P c 


é(t)p, = aie ig aains Tig 
Sh K 


(1) 


Thus equation is valid only for the region of intact internal structure, and it includes all five structuro- 
mechanical model characteristics (Ey, Eg, 13, 72 and P;,) of Rebinder’s system [4] of elasticoplasticoviscous 
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properties, The first term of Equation (1) describes the deformation component due to the nominal-instantaneous 
elasticity of the system, the third term represents the component due to elastic aftereffect, and the second term, 
the component due to plastic flow (relaxation creep) of the system and the corresponding residual deformation. 


It should be noted, however, that actually the experimental €(r) curves for real systems represent in 
each particular instance a definite statistical range of theoretical € (r) curves, characteristic only of the given 
system [9], and corresponding to a definite number of moduli E and viscosities n. Hence, Equation (1), applied 
to real systems, is only of an approximate semiquantitative character, and gives the least number of structuro- 
mechanical characteristics, 
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Fig. 1. Deformation ¢€(T ) curves for starch Fig. 2. Deformation €(tT) curves for tra- 
gels: (c = 12%, Pim = 24,7+ 10° dynes gacanth gels: (c = 8%, P), = 0,429 - 10° 
*cm”’), dynes * cm™; Phim = 2-07 ° 10° dynes * 


*cm™), 


Our €(T) curves may be divided into two main groups, The first includes the curves for starch (Fig. 1) 
and the second, curves for the other thickeners(Figs, 2 and 3), The main distinction between these groups of 
curves is that in the case of starch the curve has no inclined linear region corresponding to relaxational creep 
or plastic flow at constant viscosity1y, whereas the curves for all the other thickeners have such regions, com- 
mencing at a definite stress P = Py.» for each thickener, In the case of starch gels at stresses P = P;,, the 
€(T ) curves bend upward, to an increasing extent with increases of P. The bends represent regions of rapid 
breakdown of the gel structure, while the absence of a sloping region on the ¢(T) curve is indicative of brit- 
tle breakdown of structure. The curves forsolutions of the other thickeners usually have inclined regions pre- 
ceding the bends, indicating plastic breakdown of structure, 


The presence of inclined linear regions on the €(T) curves, corresponding to relaxational creep* in the 
stress Py < P< Pjjrm inthe case of solutions of these thickeners, and the absence of such regions in the case of 
starch gels, indicates that in the former solutions the structure has thixotropic properties, whereas in the case 
of starch gels the existence of a rigid. structural nonthixotropic skeleton must be postulated, 


Therefore, whereas in the former case P), < Pj;, ise., breakdown of structure is preceded by plastic 
deformation, in the second case either P;, is absent altogether, or Pi < P,,» i.e,, structural breakdown pre- 
cedes plastic deformation. It follows that plastic deformation of starch gels can be achieved only by irrever- 
sible breakdown of the structure. This explains why pure starch gels cannot be used as thickeners, It also fol- 
lows that the existence of thixotropic propertiesin solutions of a particular substance may be regarded as one 


* The mechanism of which is based on thixotropic buildup of structure in the flow process [4, 5], 
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criterion of its suitability as a thickener, The structuromechanical characteristics determined by analysis of 
the ¢(T) kinetic curves are given in the table, 


Dynamometric investigations of the relationship between deformation (¢€) and stress (P) can give an idea 
of the elastic properties and the nature of structural breakdown in gels. The values of the “apparent” modulus 
of elasticity E, determined from the P(€) curves for the thickener solutions in question, were in all cases inter- 
mediate between the values of the corresponding model moduli E; and E’ (see below), The explanation is that 
in general the value of the apparent modulus E depends on the loading rate vy = dP/dt, the value of which in 
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Fig. 3. Deformation ¢€(T) curves for highly Fig. 4, P(¢€) curve for sodium alginate 
concentrated dextrin solutions: (c = 77%, gel: (c = 18%, E = 2,06 ° 10° dynes * 
Py = 0,672 + 10° dynes * cm™, P,,_ = 3,73 ° - emi’, éq = 1, 25ye 1057 sec fs Paty = 
- 10° dynes * cm™?), = 4,34+* 10° dynes* cm *, A ¢ = 9.25). 


our case is determined by the rate of lowering of the instrument stage and the modulus of the dynamometer 
spring used, If v is so large that only the elastic element E, of the structuromechanical model in Fig. 6 has 
time to react, then E= Ey; if v is so small that both elastic elements Ey and E, have time to react, then 

E = E*, In our case, however, the magnitude of v is such that element E, reacts completely and E, only partial- 
ly, so that Ey > E> E', 


Our P(€) curves can be divided® into two regions (see Fig, 4 ; here the form of the P(€) curve is typical 
for a number of the investigated gels), The initial, almost linear region apparently corresponds to an undestroyed 
structure and determines the value of the apparent modulus E, The linear character of this region also repre - 
sents only a slight variation of the deformation rate € = de/ dr, and for all the studied systems €, < 1/2, Hence, 
the deformation rate is less than the rate of development of the elastic aftereffects, which corresponds to only 
partial relaxation of the elastic element E,, as mentioned above, Starting at a certain load, the P( €) curves 
show a considerable inflection, This second region of the P(€) curves corresponds to the process of structural 
breakdown, leading at the break in the curve at P = Pray to total breakdown in the structural continuity in the 
shear plane, This region corresponds to the bends in the €(T) curves, 


Thus, the initial region of the experimental P(€) curve is characterized by a relatively small change of 
the deformation rate € (as in the €(T) curves, where €,, = const for the region corresponding to the undestroyed 
structure), while the second region corresponds to abrupt increases of the rate (analogously to the bends in the 
€(T ) curves, where € also increases sharply) and, accordingly, the transition point may be characterized by a 
certain limiting rate é, 


The flow plateau Ae for our systems increases with decreasing thickener concentration, while the dynamic 
yield stress P, (corresponding to P = P,»,,) falls sharply (Fig. 5). The same cause is responsible for these changes 
of Ae and P,, The table shows that the index n in Equation (2) (see below) is considerably greater than 2 /3. 


“ This paper contains only a simplified presentation of the results obtained by analysis of the P(€) dynamometric 
curves, 
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This indicates that the degree of structurization of the disperse system should increase with its concentration 
[10]. Hence, it follows that increase of thickener concentration is accompanied by increase of the structural 
strength P, on the one hand, and by increasingly abrupt breakdown of structure on the other. This leads to de- 


crease of fluidity on breakdown of the structure, i.e., decrease of Ae. 


Influence of Concentration on the Structuromechanical Properties of Aqueous Solutions 
of Thickeners 


| 
~°*N Neal 


* 6 7 o = —= | 
Thickener | o% | $8'¢ Patel LB] wt0- [Pe 10-% | Prim) Ps 10 | 
: =A Sa = =o F : , 3 
HERO ee Ol une ises | dynes.) dynes. | dynes_ 
oe mos =a PO bp hans) pple 2 Apt 2 


Corn starch 6,0} 0,782] 0,294; — lee — 5,64 6,08 
9,0 1,79 | 0,647} — 4,88 — AQ 14,9 
12,0 aya) | aliero ss} — 1053 _— PES it 2500 Dee 
15,0 Deon lea. 40 — 16,9 — 40,6 48 ,0 
18,0 9,04 | 3,49 — ine — 61,5 69,7 
Tragacanth | 6,0] 1,50 | 0,325) 1,79 | 0,728 | 0,203 4,02 1,615 
1-8-0 1- 2,98 1y0¥703|. 4,32 | 4,77 0,429 | 2,07 3.97 
10,0 5,45 | 1,185) 7,82 Sao 0,784 3,92 5,86 Dd 
12,0 7,94 | 1,96 |13,75 5,68 1,405 6,62 9,42 
Sodium 
alginate 42',0'') 0,513) 0,095) 0,376] 0,412 0,054 0,204 0,248 
15,0 1,87 | 0,345) 1,76 | 0,469 0,229 AROS 4,20 
18,0 5,42 | 1,02 | 4,92 1,475 0,745 3,38 4,34 6,4 
ZAR OR AONa 5a o.O1jto.0 Soa 2,31 10,3 13,7 
Fruit gum Ai) 1,99 | 0,249} 1,07 0,448 0,162 0,408 0,905 
20,0 3,73 | 0,499] 2,21 0, 887 0,342 0,852 4,56 
2a), 0 6,70 |°4,015) 3,74 1,765 0,594 1,45 3,04 4,2 
2Or Owe dt 5n  I63.| 265.38 2,74 0,973 2eoo 4,52 
Na-CMC** | 24,0 LA SIDR | MEN O RT anes} 1,49 0,0036 0,043 —_ 
Ai Omei2e2 2,83 | 7,04 3,89 0,041 0,129 — 
30,0 } 29,4 bh 2onaleo 1125) 0,028 0,337 — 
82,5 | 64,4 |15,4 |46,9 2o55 0,064 0,737 _ 9,1 
35,0 /137,0 {33,8 |113,5 |49,6 0,137 1,45 _— 
Dextrin* * * ; 68,0 0,989} 0,070; 1,025]0, 236 0,089 0,472 — 
71,0] 1,78 | 0,149) 2,13 |0,522 0,194 | 0,946 = 
74,0 3,77 | 0,295) 4,48 |0,973 0,354 1,88 — 14,9 
77,0 7,03 | 0,566} 8,07 |1,99 0,672 3,73 — 


* The values of cz are concentrations of the air-dry substances in solution, with the 
following moisture contents: starch 12.6%, tragacanth 11.9%, sodium alginate 14.4%, 
CMC 12,2%, dextrin 9.18%, It is easy to show that the value of n is not changed if cy 
is expressed as bone-dry substance rather than air-dry, 

** Sodium carboxymethylcellulose, 

*** The structuromechanical characteristics of dextrin solutions were determined by 
stepwise loading (see Fig, 3), 


Fluidity at rupture may be regarded as a process of plastic rupture in the flow regime, or ductility [11], 
Pezold [12], Shikher [1] and others have studied ductility as a characteristic of the plastic properties of thicken- 
er solutions, The maximum length of a thread of thickener solution, which they took as the measure of ductil- 
ity probably corresponds in our case to the flow of plateau Ae. Since P. decreases and Ae increases with fall- 
ing concentration, while the reverse effects are observed with increasing concentration, it is to be expected 
that the Se ducelltty would be found at a certain definite ratio of P, to A €, corresponding to a definite 
degree of structurization of the system, i.e., at a certain optimum concentration of the thickener, 


All the investigated thickeners can be divided into three groups in accordance with the extent of the 
plateau A €. In the case of starch gels this plateau is virtually absent, which indicates a brittle type of rupture 
(without ductility), For solutions of sodium alginate, fruit gum, and tragacanth the plateau Ae is appreciable 
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but finite, which indicates plastic rupture (i.e., the existence of definite ductility), For CMC and dextrin solu- 
tions the limits of the Ae plateau could not be determined with the instrument used; this indicates that solutions 
of these thickeners have high ductility. 


It has been shown for a number of disperse systems [13, 14] that variations of strength and apparent modulus 
of elasticity with concentration conform to a parabolic equation over a fairly wide concentration range. 
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25 50 75 €10° 


Fig. 5. P(€) curves for sodium alginate 
gels: 1) c = 15%, E = 0.58 + 10° dynes - 
-em=*; Ea =0,81 - 10 *see *;-2) ¢ = 

18%, E = 2,06 - 10° dynes* cm™*, €, = 
= 1,25°10 sec"! 3) c =.21%, E= 

= 6,83 * 10° dynes * cm™,; €,, = 1.12 * 

- 1073 sec}, 


All our thickener solutions conform to this equa- 
tion over the concentration ranges studied, The results 
indicate that the parabolic equations for the different 
structuromechanical characteristics all have a com- 
mon index, Its values for solutions of the investigated 
thickeners are given in the table. 


Fig. 6, Structuromechanical rnodels 
of: 1) starch gels; 2) gel solutions of 
the investigated thickeners, 


Thus, we may write for solutions of each of the investigated thickeners: 
is os, (2) 


where X’ is a structuromechanical characteristic (Ey, Ez, 14. Nas Pe Phim? P,); X’ is the corresponding propor- 
tionality factor; n is the index common for all X; cg is the thickener concentration in the gel, 


The value of the index n in Equation (2) is a measure of the number of elementary particles in the sys- 
tem capable of coming in contact with each other under the given conditions with formation of a continuous 
structural network [10], The values of X are, in general, probably associated with the activation energy of the 
gelation process [14], The latter may be regarded as the activation energy of syneretic reinforcement of the 
structural network, which ultimately leads to syneresis of the gel. 


Our characteristics of the mechanical properties of the structure in solutions of various thickeners can be 
represented with the aid of appropriate structuromechanical models [.9, 15], Two different types of model are 
applicable in our case; for starch gels (Fig. 6, 1) and for solutions of the other thickener (Fig. 6, 2). The pres~ 
ence of element Pl indicates that the internal structure of the system has thixotropic properties, and the system 
as a whole is plastic. The part of the model denoted by Sh corresponds to the model of a Shvedov body,” and 


* The element Sh in the. model is only a part of the Shvedov type model [16]. This also applies to the correspond - 
ing terms in Equation (1). 
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is represented by the part of Equation (1) marked similarly; the other part of the same model, denoted by K, 
corresponds to the model of a Kelvin-Voigt body and is represented by the part of Equation (1) ee K. Here 
E, represents the modulus of nominally instantaneous elasticity; E, and 72 are the modulus and viscosity of elas- 
tic aftereffects; 1 is the relaxational creep viscosity; P,, is the upper elastic limit or true fluidity limit, cor~ 
responding to Shvedov's residual’ stress [16]; Pyjm is the static yield value; 7 * (P) corresponds to the region of 
structural breakdown accompanied by decrease of viscosity. _ 


15 


5 10. 
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Fig. 7. Schematic typical rheological curves for the thickener solutions studied (a) 
and rheological curves for tragacanth gels (b) at concentrations: 1) 6%; 2) 8%; 


8) 10%, 


The values of P;, and Pjj,, establish the boundaries between relaxation regions of different type. Since 
the values of the indices n in Equation (2) for solutions of different thickeners were the same for different struc- 
turomechanical characteristics, it follows that various relationships between the latter, such as the lag time 
%, = 119/ Eg, the periods of elastic and true relaxation 9* = n» /(E,+E,) and 9* = n,/E" (where E° is the effec- 
i 
1/F,+4/E, 
the elasticity A= E,/ (Ey + E,), and the ratio Phim’ P,, which determines the relative magnitude of the region 
of relaxational creep, are independent of the concentration of a given thickener and are characteristic quanti- 
ties for it, 


tive modulus, equal to and corresponding to maximum extension of both springs, E, and Ey), 


The rheological curves for all the thickener solutions with the exception of starch are all of the same 
type and their common features may be represented by means of the schematic €(P) and n(P) curves in Fig. 7,a. 


It follows from Fig. 7, a that the entire load region can be divided into three regions separated by the 
limiting stresses Pj and Pyim- 
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Region I for 0< P< P;, corresponds to elastic deformation, i.e., €(P) = 0, 1(P) = a. 


Region II for P, < P< Pim corresponds to plastic deformation taking place as the result of relaxational 
creep at constant maximum viscosity n = 14. This region of the flow curve conforms to the Bingham equa- 
tion: P ~ P, = 1, € and corresponds to the inclined linear regions of the €(t) curves, In this case the value of 
P|, must be: taken into account because the corresponding energy is not dissipated in the course of viscous flow, 
but is expended in maintaining certain limiting elastic stresses in the structural network, which ensure the 
creep process, Therefore, such flow must be regarded as true plastic flow. | 


Region III for P yj;;, < P< P*, characterizes the breakdown of the coherent structure and its fragments 
in flow, which corresponds to a sharp drop of viscosity n*(P). Since the coherent structure is broken down here 
(when the steady state is reached), there should be no expenditure of energy for maintenance of elastic stresses 
in the structural network, corresponding to P),, and therefore this region of the flow curve should conform to the 
equation: P= 7*é, where the viscosity n = 1" is variable, In Region III the flow curve corresponds to the bends 
on the e«(T) curves, 


Region IV for P > P*., corresponding to plasticoviscous flow at constant and least viscosity 1 = 14", when 
all the structural elements should be ultimately broken down, and where flow conforms to the Bingham equa - 
tion in the form P - 6 = 7," €, was never attained in our experiments, 


The rheological curve for starch gels differs from the curves for the other thickeners by absence of P,, 
i,e., absence ofa region of plastic flow, and a considerably sharper fall of viscosity in Region IT, 


In accordance with these structuromechanical models and the nature of the rheological curves, all the 
systems studied may be qualitatively divided into elasticobrittle, described by the characteristics: Ej, Ez, 12 
and Pjjm (starch gels), and elasticoplastic, described by the characteristics: Ej, Eg, 14, 9, P), and ghee (solu- 
tions of the other thickeners), 


SUMMARY 


1, The structuromechanical and rheological properties of solutions of a number of thickeners have been 
investigated, the structuromechanical characteristics and the corresponding models for the thickener solutions 
have been determined, and their rheological curves have been plotted, 


2. In contrast to the other thickeners studied, plastic deformation of nonmodified starch gels can be ef- 
fected only by irreversible breakdown of their internal structure. This explains why pure starch gels cannot be 
used as thickeners, 


3. The existence of thixotropic properties in a solution of a given thickener may be regarded as one of 
the main criteria of its suitability for thickening, In the present instance the main factor determining the plas~- 
ticity of a system is its degree of thixotropy. 


4, For solutions of each thickener there is a definite optimum concentration, corresponding to a definite 
degree of structurization of the system at which the system has maximum ductility, 


5, All the structuromechanical characteristics of the investigated solutions increase with concentration 
in accordance with a parabolic law. For each of the thickeners investigated the index n in the equation 
X = X'c} is common for the different structuromechanical characteristics X, which shows that the various re- 
lationships between the structuromechanical characteristics do not change with concentration, and are therefore 
characteristic values for each thickener, 


6. Since the index n in the equation X = X'cp is the same for the different structuromechanical charac - 
teristics X, and since in all cases studied n is greater than 2/3, for comparison of solutions of the same or of 
different thickeners it is permissible to use the concept of “degree of structurization", which corresponds to the 
relative proportion of particles forming the structural network at the given thickener concentration in solution. 


7, Thickeners suitable for practical use have a common structuromechanical model and similar rheologi- 
cal properties. They differ only in the values of the characteristics. 
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STRESS~-STRAIN, HIGH-ELASTIC, AND VISCOUS PROPERTIES 
OF RUBBER SOLUTIONS 


A. A. Trapeznikov and T. V. Assonova 


Institute of Physical Chemistry, Academy of Sciences ,USSR 
Laboratory of Oleocolloids and Monolayers, Moscow 


The structure of high-polymer particles, their flexibility, and interaction among themselves and with 
the solvent, have a pronounced influence on solution viscosity, which has been studied fairly extensively [1]. 
The high-elastic properties of polymer solutions have been studied much less, and the experiments in such cases 
were performed at relatively low shear stresses and small deformations [2, 3], Methods used in investigations 
of solid polymers involve deformation to failure of the specimen [4, 5]. As reported earlier [6], a new feature 
isa study of analogous relationships for solutions and gels of high polymers and other fluid colloidal systems, and 
determination of the maximum deformations for them, 


Fluid solutions of high polymers are distinguished by high rates of relaxation. Therefore, investigations 
of the strength characteristics of such systems must be conducted at high rates of deformation é, exceeding 
the relaxation velocity of the system vye] or, more precisely, the condition € > Vre,* €,i, where Eni is the 
critical elastic deformation for the i-th element of the structure [7], must be satisfied. Under such conditions, 
and if the range of structural elements lies within fairly narrow limits of €,j and 9; = 1/v,¢1, the strength is 
revealed in the form of the maximum P = P; on the stress—strain P({ €) curves, which is found at the breaking 
strain € = Ep, 

Much interest attaches to direct measurement of the maximum elastic (reversible) deformation in poly ~- 
mer solutions and gels over the entire P(€) curve, It is known that molecules of linear polymers in the un- 
stressed state consist of tangled coils which assume a threadlike shape on deformation. Determination by a 
direct method of the maximum reversible deformability of the molecular network in solutions and gels gives 
an indication of the degree of uncoiling of the molecules or chains in the network, their effective length, and 


degree of asymmetry. 


Our investigations of the stress-strain characteristics of rubber solutions were performed with the aid of 
specially designed instruments: a multiple elastoviscosimeter with oscillographic recording [8] and an elas~- 
torelaxometer (model 2) designed for direct measurement of large elastic deformations [9] 


It was found that P (€) curves for rubber solutions have much in common with P( €) curves for solid rub - 
bers [4, 5], although they differ in the magnitude of the stresses and breaking strains, 


Figure 1 shows P(€) curves for 4% solution of natural rubber (pale crepe), in decalin,* recorded by 
means of the oscillographic elastoviscosimeter. It is seen in Fig, 1 that both P_and €y increase with ¢, and 
at € = 4762 sec”), €, is 9600, This is in agreement with the results of earlier investigations on rubber and 


polyisobutylene [6, 10]. 


* tn this and in all the preceding investigations [6-10] decalin supplied by Kommunalwirtschaftsunternehmen 
der Stadt Eisenach — Chemische Fabrik, was used, of d = 0.877, and b, p, 188°, This decalin was not subjected 


to additional purification. 
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In order to obtain P(€) curves of the correct shape and correct values of €, and Py it is important that 
the deformation rate of the system € should reach a constant value almost as soon as the outer cylinder begins 
to rotate, ies, from the instant the electromagnetic starter is switched on, Oscillographic traces of the angle a 
of rotation of the outer cylinder relative to the inner cylinder, as a function of time, show that at € <1400 sec 
the rotation rate may be assumed constant almost from the start of the curve, i.e., it becomes steady within a 
few degrees or fractions of a degree, At higher rates € = 3000-5000 sec! during the first instants after the 
magnetic clutch is connected the rate lags somewhat behind the steady rate, owing to inertia of the outer cylin - 
der and the lid of the magnetic clutch, and slippage of the latter. The lag increases with increase of é€. 
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Fig. 1. P(€) curves for different values of ¢€ for 4% rubber solution 
in decalin. 


However, at a high enough € = 4762 sec”! a constant value of é is reached starting from € = 3800% 
(in Fig. 1 this boundary is indicated by a dash line), i.e., long before €, = 9600%, and at € = 2100% the value 
of € is only 25% below the steady value, Thus, the form of the P(€) curve and the values found for €, and 
P, differ relatively little from the true values, 


P(€) curves for natural-rubber solutions, after passing through a maximum P = P,, fall to P = P,, which 
corresponds to steady flow of the system asaviscous liquid. At the initial stage of deformation the system be~ 
haves like a “solid* body [11]. However, this behavior of the system as a “solid™ can occur at € > ey [6,7] 


A feature of great interest is the correspondence in the positions of €,(P,) and €(P,) curves for rubber 
solutions (Fig. 2), analogous to that found earlier [6, 7]; it follows that transition into the region of rapidly 
increasing € (anomalous viscosity) is due not so much to particle orientation in steady flow as to stretching 
of the particles and breakdown of structure before the transition to steady flow, as a result of which the vis- 
cosity 1 = P, /é decreases (Fig, 3). Figure 2 also shows P.(€) curves, The region between the P,( €) and 
Pat €) curves gives an indication of the thixotropic properties (strength thixotropy) of rubber solutions [6, 12]. 
The degree of thixotropic breakdown increases with increase of rubber concentration in the solution. 


In Fig. 4 the function €,( €) is plotted for three concentrations of rubber solutions, The values of ey 
for these solutions are similar, and therefore a single common curve is drawn, Approximately it may be 
assumed that the function €( €) for rubber solutions is the same for all concentrations in the range of 4-10%, 
which is a matter of definite interest, From earlier data on aluminum naphthenate [13] an appreciable decrease 
of €, with increase of solution concentration (c) might be expected, Evidently the difference between the 
€,(c) relationship for naphthenate and rubber solutions respectively is associated with differences in their struc- 
tures, In the former case fairly stable cross links, i.e,, resistant to relaxation, are formed, while in the latter 
they are relatively unstable and less numerous, Intertwining does not play an important part in this case, as 
the molecules are not branched and slide relatively easily among each other, Therefore, the observed €.(€) 
relationship for rubber solutions is probably determined mainly by the relaxational properties of the chains 
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themselves and not relaxational breakdown of cross links at low €. However, it is difficult to give a more de~ 
tailed explanation of this relationship at present, as there are not enough experimen tal data as yet, 
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Fig. 2, €(Ps) curves (a) and P,(€) and Py ( €) curves for 4, 6, and 10% solutions of rubber in 
decalin (b). 


It is important in principle to clarify the nature of the breaking strain ¢,, or its subdivision into the 
reversible (high-elastic) €, and residual €,, portions, This was done with the aid of the elastorelaxometer, 
in which €, could be varied with automatic stopping of the outer and release of the inner cylinders in the 
‘range up to € = 1100 sec™*, The relationship «€ e( €) for 4%o 
solution at two values of é, equal to 143 and 1142 sec”! re- 
spectively, is plotted in Fig. 5. The existence of maxima on 
a ee ‘the curves and the decrease of elastic deformation prove that 
800 the structure of the solution is broken down. If only particle 
orientation took place, to which the decrease of viscosity in 
such solutions is commonly attributed, then the elastic deforma - 
tion (recoil) should increase to a limit corresponding to maxi- 
mum orientation in steady flow and the greatest possible con~- 
traction of the particles during coiling on removal of the load, 


It is clear from Fig, 5 that at € = 143 sec”! the value of 
€e max = 770% and at € = 1142 sec"? €, may = 1100%. 
Here the deformations €yy are 4000 and 5400% respectively. 


0 10 20, 50. 540 It follows that at these values of ¢ the residual deformations 
ae , dynes/ oe €y = €, — €, are 3230 and 4300% respectively, 
Fig. 3. Variations of viscosity with shear Comparison of the data in Figs.1 and Sshows that ¢,“-ém, 
stress for 4, 6, and 10% solutions of rubber ; ; 
ARE : for both deformation rates, although €, increases much more 
Pee rapidly than ¢,, with increase of (see Fig. 4). Therefore, the 


deformations €,, at which the maximum recoils €¢ max are 
attained (in these cases) exceed considerably the deformations €. corresponding to the maximum stresses - 
which determine the strength of the structure. This result is in agreement with the result obtained for naph- 
thenates with incompletely restored structure [14]. 


In accordance with the earlier concept of the range of structural elements in a system characterized 
by different €,, and 91, and corresponding, largely independent, distribution functions, it may be assumed 


that the maxima P, correspond to a certain group of structural elements corresponding to a given €, at a 
given €, A stress equal to the maximum P = P, is required to overcome the resistance to deformation and 


breakdown of the bonds belonging to the given group of structural elements, However, the fact that after 
this yield point of structure has been passed the recoil does not fall but continues to rise shows that longer, 
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elastically deformed structural elements remain undestroyed in the system, However, the number of such longer 
structural elements (at a given -€) is probably relatively small, and therefore the total stress P which develops 
in their deformation to € = €,, is less than P,. The increase of the absolute value of €e max 0” increase of € 
is due to the fact that the more mobile and longer structural elements no longer have time to relax irreversibly 
and lose a greater proportion of their deformation in the elastic form, At the same time the relative role of 


: Ps Pg 4 é-10 2 sec”! 
Fig. 4. The €, (€) relationship for 4, 6, and 10% solutions of 


rubber in decalin, and ¢,, (€) for 4%solution of rubber in de- 
calin, 


these long structural elements in the total magnitude of the breaking stress evidently increases, as this strain 
not only increases, which might have been due to the usual influence of €, but is displaced toward higher 
€= €. i.e., the stress maximum is transferred to the longer structural elements, which are broken down in 
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Fig. 5. €e(€) curves for 4% solutions of rubber in decalin at é of 
143 and 1142 sec, 


larger numbers, With increase of € relaxational flow and residual deformation €,, (which arises before the 


transition to P = P,) should diminish, and therefore the relative proportion of €e i the total value of € in- 
creases, 


At the same time it should be remembered that actual detection of such large recoils as the values of 
€; or €,, at high € may involve difficulties in principle. Contraction of elastically deformed “long™ struc ~ 
tural elements occurs in a medium of shorter structural elements, formed partially as the result of breakdown 
of the structure and having a definite viscosity. The overcome viscous resistance takes time, during which ir- 
reversible relaxation may take place, and in consequence the recoil determined by the long structural elements 
greatly decreases, Therefore €, in such systems, even at the highest €, may prove considerably less than Ep. 


The need for very high € in order to extend the coiled rubber molecules and to reveal large breaking and 
elastic deformations is attributable to weakness of the van der Waals forces acting between the rubber molecules 
in solution, which ensure easy relaxation, On the other hand, the existence of P, conclusively confirms the pres- 
ence of such interaction in solutions of linear polymers, The stronger interaction in the network consisting of 
threadlike particles in aluminum naphthenate gels, due to the polar character of the bonds, leads to relaxation 
rates which, although are not very low, are considerably lower than in rubber solutions, 


Indeed, vulcanization of rubber, which leads to the formation of very strong cross links and a fairly stable 
network, greatly increases the relaxation time of the system and consequently increases the recoil €, up to values 
of the order of €yp or to values of €; characteristic of a nonvulcanized solution at the highest é [10]. 


SUMMARY 


1, The stress~strain and viscosity characteristics of 4, 6, and 10% solutions of natural rubber in decalin 
(not subjected to special purification) have been studied with the aid of stress-strain curves determined by means 
of an elastoviscosimeter with an oscillographic recording device, in the range of deformation rates from 14 to 
5000 sec™4, 


2. The stress-strain curves for rubber solutions pass through maxima corresponding to the strength of the 
structure before the stage of steady flow is reached; they are analogous in form to stress~strain curves for solid 
rubber, 

3, Reversible (high-elastic) deformation at deformation rates of 143 and 1142 sec"! has been measured. 
in 4% rubber solution by means of the elastorelaxometer, The maximum values of the recoil are 770 and 1100% 
respectively and are found at deformations €,, considerably exceeding the breaking strains €; corresponding 
to the stress maximum P,. 


4, For rubber solutions of different concentrations €, increases linearly with the deformation rate €. This 
relationship may be represented by a common curve, 


_ These properties reflect the existence of a structure and its breakdown in rubber solutions, determined 
by van der Waals forces, and the formation of weak relaxing network cross links, At the same time, Point 4 
above indicates that the relaxational properties of the rubber chains themselves play the predominant role. 
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ELECTROCHEMICAL STUDIES OF BENTONITE SUSPENSIONS 


4, POTENTIOMETRIC TITRATION OF DIFFERENT ACID FORMS OF ASKANGEL" 


I. A. Uskov and E. T. Uskova 


The T. G, Shevchenko University, Kiev 
Ukrainian Academy of Agricultural Sciences 


There have been numerous studies of the acid forms of bentonite [1], However, the existing data on the 
nature of the acid-determining ions adsorbed by montmorillonite are far from adequate for definite conclusions, 
The main reason is that the methods generally used for preparation of acid forms of clays (electrodialysis and, 
less often, leaching of clays by dilute solutions of mineral acids) do not yield clays with cations replaced by 
hydrogen only [2], 


In such acid forms of bentonite most of the adsorbed ions are Al ions [1, 2]; this, as we showed earlier 
[4, 5j is the cause of the anomalous results obtained in titration of such bentonites, For example, the cation- 
exchange capacity, determined from the titration curves, varies with the time of interaction with the base and 
with the nature of the base, . 


Such deviations should not occur in titration of bentonites containing mainly hydrogen ions as the acid- 
determining ions, 


Two different methods can be used for preparation of H-bentonite: treatment of the bentonite by concen- 
trated mineral acid, followed by rapid washing out of excess acid, and treatment in a column containing a resin 
in the H form [3]. 

In the present investigation,acid forms of bentonite prepared by these two methods were studied by means 
of potentiometric titration, 


For comparison of the results with data for electrodialyzed askangel we studied the influence of suspen~ 
sion concentration on the form of the titration curves, 


Influence of Suspension Concentration on the Nature of the Titration Curves 
Nek ACS Ege IS AS) te Ee Pall in SE se Ta ALE, LONE ORIN ERA aS NE OE aE SEN LONER 58 DD 


for Electrodialyzed Askangel 

The investigations were performed with electrodialyzed askangel samples kept for 4 months after electro~ 
dialysis, The capacity of these samples was 830 microequiv/g. The pH was determined by the method described 
previously [4]. 

The titration results are plotted in Fig. 1, It is clear from Fig. 1 that as the suspension concentration in~- 
creases the initial region of the titration curve is lowered and the final region raised, All the curves have the 
same characteristic inflection point in the weakly alkaline pH region; its position depends on the suspension 
concentration: it is displaced into the regions of smaller amount of bound base with increase of concentration, 
At the same time the inflection becomes more distinct and steeper, 


* Presented at the 4th All-Union Conference on Colloid Chemistry in Tbilisi, 1958, 
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Increase of the suspension concentration leads to an abrupt increase of pH on addition of the first 
portions of alkali, and to a steeper rise of the first flat portion of the curve. 


The concentration of the potential-determining ions increases with increase of the suspension concentra ~ 
tion, In the case of electrodialyzed bentonite these are evidently aluminum and hydrogen ions, Increase of their 
concentration results in a sharp rise of pH near the equivalence point, This rise of pH becomes even more prom~ 
inent as the alkali concentration is also higher in titration of more highly concentrated suspensions (the abscissa 
axis shows the amounts of alkali added to the suspension, calculated per g of dry substance, and not the volume 
of alkali added), Increase of alkali concentration intensifies the influence of the excess reagent on dissociation 
of the sodium salt of bentonite, Therefore, in titration of more highly concentrated suspensions the rise of pH 
near the equivalence point becomes greater and the titration curve has a sharper inflection, 


Displacement of the inflection points on the potenti - 
ometric curves with changes of suspension concentration 
cannot be explained in the light of electrochemical con~ 
cepts, The colloidochemical properties of electrodialyzed 
askangel suspensions are evidently operative here, 


Increase of the suspension concentration first produces 
a sharp decrease in the amount of bound alkali (Fig. 2), 
probably because of intensified hydrolysis of mobile alumi- 
num groups in the montmorillonite lattice at high dilutions, 
As a result, hydrogen ions replace aluminum ions at the ex- 
change sites in the bentonite, and colloidal aluminum hydrox- 
ide is formed in the intermicellar liquid. The amount formed 
is greater than in suspensions of higher concentration, This 
aluminum hydroxide, in contrast to the hydroxide formed in 
the interlayer spaces of montmorillonite when alkali acts 
on electrodialyzed bentonite, readily interacts with alkali 


S gad in cee to form aluminate, Thus, when a dilute suspension of elec- 
Fig. 1. Potentiometric titration of a suspen- trodialyzed bentonite is titrated the alkali reacts both with 
sion of electrodialyzed askangel by caustic the active ions in the particle surfaces and with colloidal 
soda (m is the amount of NaOH in meq added aluminum hydroxide. As a result there is an increase in the 
per g of bentonite): suspension concentration: amount of base taken up with decrease of the suspension con- 

1) 0.029%, 2) 0.19%; 3) 0.29%; 4) 2.7%, centration, In the concentration range of 0,5-3% this amount 


is almost constant, 


Therefore, potentiometric curves can be compared within a definite concentration range of the suspen- 
sions, namely from 0,5 to 3%, 


Investigation of Hydrogen Askangel 


The high content of water-soluble salts in native askangel, in addition to the chlorides formed from the 
calcium and magnesium carbonates present in the ntineral by the action of hydrochloric acid, may account 
for the incomplete replacement of the adsorbed cations by hydrogen, Therefore, we preferred to use electro- 
dialyzed bentonite, free from these salt impurities, 


The hydrogen-substituted sample was prepared as follows, A 5% suspension of electrodialyzed bentonite 
was diluted with an equal volume of 2 N HCl and immediately centrifuged in a continuous supercentrifuge 
at the maximum feed rate, The residue from the supercentrifuge cylinder was transferred to a vessel and diluted 
with water to an approximately 0,5% suspension, The centrifuging process was repeated to remove free hydro- 
chloric acid completely, The degree of acid removal was checked by conductometric titration of the suspen ~ 
sion with caustic soda, Preliminary experiments showed that three washings are sufficient. The last centrifuga -~- 
tion was performed at a lower feed rate in order to avoid loss of the fine fractions in the suspension, The whole 
process of H-bentonite preparation took 30-45 minutes, 
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To retard the exchange by hydrogen ions for aluminum ions in the montmorillonite lattice, the tempera ~ 
ture was kept at 3-5° during preparation of the hydrogen bentonite, dilution of the suspension to the required 
concentration, storage, and titration, 


Figure 3 shows the results of potentiometric titration of 0.5% H-bentonite suspension by different alkalies, 
To detect any possible changes in the nature of the H-bentonite during the experiment, the titration with caustic 
soda was performed twice: suspensions aged 27 minutes and 3 hours respectively were titrated, Suspensions aged 
4,5-105 minutes were used in the titrations by lithium, potassium, rubidium, and cesium hydroxides, The experi- 
mental points for these latter ions all fit virtually on the same curve, The resultant titration curve is typical 
for titration of a strong acid by a strong base, Its initial region is almost parallel to the abscissa axis, then the 
PH rises abruptly in the neutralization region, and this is followed by a final less steep portion in the alkaline 
region. The low pH of the suspension (2,94) indicates that it is strongly acidic. 


The form of the titration curve indicates that the acid- 


oy) microequiv/ determining ions in the bentonite preparation are very mobile 
5 and readily accessible to the action of alkalies, H-bentonite 
is strongly dissociated: the hydrogen-ion activity of its 0.5% 

1000 suspensions is 0.0012, which corresponds to a degree of dis- 


sociation of 0,26, 


Treatment of a dilute suspension of electrodialyzed 


ad bentonite with 1 N HCl] in the cold, followed by rapid elution 
of the free acid, results in complete replacement of the ad- 
sorbed cations by hydrogen ions, Potentiometric titration of a 
ane dilute hydrogen-bentonite suspension by strong alkalies gives 
the total cation-exchange capacity. 
o J e C,% 
It follows from these results that when hydrogen bentonite 
Fig. 2, Effect of concentration of electro- is titrated with different bases there are no differences in the 
dialyzed-askangel suspensions (c) on the cation-exchange capacity, such as were found in the case of 
position of the inflection point on the po- electrodialyzed bentonite [5], The value found for the ex- 
tentiometric titration curves, change capacity is greater than that found after two weeks of 


interaction of electrodialyzed bentonite with the most favor- 
able base — lithium hydroxide, This is probably a consequence 
of the high degree of dissociation of hydrogen bentonite and the high mobility of the protons. Neutralization 
of hydrogen bentonite by strong bases is rapid and complete, and therefore differences in the nature of the cations 
are not apparent. 


The different values of the cation-exchange capacity calculated from the titration curves of acid ben- 
tonites by different bases, observed by a number of workers [@] can be ascribed to the fact that the substance 
titrated was not hydrogen bentonite, but other acid forms, in which exchangeable aluminum was inevitably 
present in various amounts, When such acid forms interact with bases the aluminum hydroxide formed creates 
steric obstacles; the difficulty with which these can be overcome depends on the dimensions and polarizability 
of the nonhydrated ions, This also applies to a certain extent to values of sorption capacity determined by sub~ 


stitution methods, 


Investigation of Resin-Treated Askangel Suspensions 


A cation-exchange resin in the H form was used for the treatment, A highly disperse suspension of native 
askangel was first treated in a continuous supercentrifuge to remove soluble electrolytes, 


The resin used was Espatit-1, a sulfonated resin with a cation-exchange capacity of 0,85 meq/g [7]. 
Fractions with particle diameters in the range of 0.85~1,5 mm were obtained from the commercial product 
by sieving, The diameter of the column was 3,5 cm, and the height 80 cm, The eluants and suspension were 
fed upward through the column, The dead space, including communicating tubes, did not exceed 30 ml with 


a working volume of 200 ml. 
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Directly before passage of the suspension the column with the resin in the H form was eluted by freshly ~ 
boiled water until an eluate of constant conductivity was obtained, This conductivity generally did not exceed 
1.5° 10 ohm"! under static conditions during 24 hours the conductivity of the liquid in the column rose to 
6* 107° ohm”, 

The suspension was passed through the column at different rates, which were checked immediately before 
sampling, the first 100-120 ml of suspension being discarded, The contact time of the suspension with the resin 
was taken to be the time from the instant the suspension began to pass through the column until it left the column, 
which is the time for flow of 200 ml of suspension at the given rate. The weight concentration of the suspension 
was determined in all samples, 


If a native-askangel suspension is washed thoroughly 
to remove electrolytes, some acidity may arise in the askan~ 
gel as the result of hydrolysis, Therefore, the resultant 
native-askangel suspensions, almost free of electrolyte im- 
purities, were titrated potentiometrically by a dilute caustic 
soda solution, It was found that the suspensions were almost 
free of acidity (Fig. 4, Curve 1), 


pH 
11 


If 0.5% highly disperse native-askangel suspension is 
passed fairly rapidly through the column, considerable 
acidity appears in the suspension, The titration curve (Fig. 
4, Curve 2) shows two distinct inflections: one in the acid 
and the other in the alkaline pH region, 


Very slow percolation of the same suspension results 
/ in an increase of the total acidity of the suspension, but 
5 2 the titration curve (Fig. 4, Curve 3) retains its general form, 
3 The position of the inflection point in the acid region of 
pH remains almost unchanged, With the shortest contact 
time (90 minutes) the total acidity is 460 microequiv/ g, 


3 and with the longest (12 hours), it is 780 microequiv/ g. 


a 500 1000 1500 m Analysis of the titration curves shows that the acid 
form of the sample is not a pure hydrogen form. The two 
inflections on the curves, one in the acid and the other in 
the alkaline region, shows that the acidity in this case is 
caused by the presence of hydrogen and aluminum exchange 
ions, The amount of exchangeable hydrogen does not in- 
crease with increasing contact time between the suspension 
and the resin, but even diminishes somewhat. 


Fig. 3. Potentiometric titration of 0.5% H- 

askangel suspensions by caustic alkalies (m 

is the amount of alkali in meq added per g 

of bentonite); 1) caustic soda, age of suspen - 

sion 27 minutes; 2) lithium, potassium, rubi- 

dium, and cesium hydroxides, age 45-105 

minutes; 3) caustic soda, age 3 hours, 
Treatment of native-askangel suspension in a 

column with a cation exchanger in the H form gave H-Al-bentonite and not H-bentonite. This is evident- 

ly because of the low cation-exchangecapacity and inadequate activity of the resin used, The relatively rapid 

appearance of exchangeable aluminum instead of hydrogen ions acquired by the bentonite from the cation ex- 

changer in the H form indicates a high rate of replacement of hydrogen ions by aluminum ions from the mont- 

morillonite lattice. It was reported earlier that electrodialyzed bentonite is also H-Al-substituted [5], If this 

is so , then percolation of this substance through a cation exchanger in the H form should produce some changes 

in the shape of the titration curve as the result of additional replacement of some of the exchangeable aluminum 

ions by hydrogen ions, 


Figure 5 shows curves for titration of electrodialyzed-askangel suspensions before and after percolation 
through the resin in the H form. As expected, resin treatment results in the appearance of an inflection in the 
acid region of the titration curve, which is only faintly indicated in the case of electrodialyzed bentonite. Rel- 
atively to the curve for electrodialyzed bentonite, the curve for the treated sample descends by more than one 
pH unit and is shifted in the direction of greater sorption of base, 
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The appearance of an inflection in the acid region indicates that the surface of the bentonite particles 
carries strongly dissociated acidic groups, which evidently arise as the result of adsorption of hydrogen ions on 
contact with the resin in the H form. The inflection in the alkaline region indicates that acidic groups char- 
acteristic of electrodialyzed bentonite persist on the particle surfaces 


The equivalence point in the alkaline region is shifted to the right after column treatment. This shift 
is approximately equivalent to the amount of hydrogen ions which have additionally appeared on the bentonite. 
Evidently, the most accessible aluminum ions present on the surface of the electrodialyzed bentonite are re- 
placed by H ions. This replacement makes the more deeply lying exchangeable aluminum ions accessible to 
the base, As a result the amount of alkali combined by the Al ions remains virtually unchanged, The total 
acidity of the bentonite increases to an extent corresponding to the amount of new hydrogen ions. The results 
of percolation of an electrodialyzed-bentonite suspension through resin in the H form indicate that this suspen- 
sion contains ions which can be replaced by hydrogen. As already stated, these are probably aluminum ions. 


pH 2 pA 


My 
og. 
is 
7 
5 
5 
Y 500 7000m “ 500 1000 m 
Fig. 4. Potentiometric titration of Fig. 5. Potentiometric titration of 
native -askangel suspension by caus- electrodialyzed-askangel suspension 
tic soda (m is the amount of NaOH (m is the amount of NaOH in micro- 
in microequivalents per g of ben- equivalents per g of bentonite): 1) 
tonite): 1) original suspension; 2) original suspension; 2) percolated 
percolated through H resin, contact through H resin, contact time 2.5 
time 1.5 hours ; 3) the same, con- hours, 


tact time 12 hours, 


The question may arise whether electrodialyzed bentonite might not be completely Al-substituted, In 
that case percolation through a cation exchanger in the Al form should not produce any changes in the shape 
of the titration curves, To clarify this point, we passed a suspension of electrodialyzed bentonite through a 
column containing resin in the Al form. 

In contrast to the results with resin in the H form, when the bentonite suspension comes into contact with 
the Al resin it coagulates in the capillaries and its concentration therefore falls sharply. Repeated percolation 
leads to further coagulation and almost complete filtration of the intermicellar liquid. 


Because of these large changes of concentration, the titration results are difficult to interpret, and are 


therefore not given here. 
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The observed complete coagulation of the suspension when electrodialyzed bentonite is passed through the 
resin in the Al form indicates the formation of aggregatively unstable bentonite, distinct from the electrodialyzed 
form, completely substituted with aluminum ions. Some of the adsorbed ions in the electrodialyzed askangel are 
replaced by aluminum ions in the process, These can only be hydrogen ions. 


Thus, comparison of the results obtained by percolation of electrodialyzed-bentonite suspensions through 
resins in the H and Al forms confirms once again that its acidity is caused by the simultaneous presence of alum- 
inum and hydrogen ions in equilibrium proportions, and not by only one of these types of ions. 


SUMMARY 


1, In contrast to electrodialyzed bentonite, which is Al-H-bentonite, the cation-exchange capacity of 
H-bentonite has the same value in titration by different alkalies, The true maximum cation-exchange capac - 
ity of bentonite can be determined by potentiometric titration of a dilute (0,5-1%) suspension of H-bentonite 
by a strong base. 


2. Percolation of native askangel through a cation exchanger in the H form leads to the formation of an 
“acid form of bentonite, the acidity of which is caused partly by hydrogen and partly by aluminum ions, In- 
complete replacement of the exchange cations by hydrogen is due to the relatively low exchange capacity of 
the resin and its comparatively low activity. 


3. Potentiometric titration of electrodialyzed askangel after percolation through resin in the H form shows 
that the suspension has a considerable content of adsorbed H ions, 


4, Percolation of electrodialyzed askangel through resin in the Al form leads to formation of Al-bentonite, 
which coagulates on the surface of the resin grains and clogs the column. 


5, Comparison of the results obtained in treatment of electrodialyzed-bentonite suspensions with resins 
in the H and Al forms confirms that its acidity is due to the simultaneous presence of adsorbed H and Al ions, 


6. The jump of potential in the saturation region of the potentiometric curves becomes greater with 
increasing concentration of the electrodialyzed-askangel suspensions. The amount of base neutralized by the 
bentonite, calculated per gramofthe bentonite, first falls sharply and then remains almost constant over a wide 
concentration range. 


7. Determinations of the cation-exchange capacity from the inflection points on the potentiometric 
titration curves should be performed with H-bentonite suspensions in a definite concentration range (0.5-2% 
in the case of askangel), 
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THE STATES OF AGGREGATION OF HIGH POLYMERS 


4, COLLAGEN, GELATIN, AND SILK FIBROIN 


ea Fel’dman 


The N. K. Krupskaya Moscow Regional Pedagogic Institute 


In the previous communications [1-3] it was shown for various high polymers that the dilatometric meth- 
od, and in particular linear dilatometry, under conditions of uniform heating and cooling of samples after dif- 
ferent pretreatments, can give useful information with regard to the behavior and states of aggregation of the 
materials provided that the sensitivity is adequate, The heating and cooling curves can be used for finding 
transition points and regions, and for observing the kinetics of phase change with characteristic hysteresis ef- 
fects, 


The results so obtained, in conjunction with data provided by other methods, provide more extensive and 
detailed information on the behavior both of individual high polymers and of their groups or types, Moreover, 
the experimental values of shrinkages and expansion coefficients, determined under nonequilibrium conditions, 
are of practical interest. Such data are indicative of the behavior of materials during storage and of changes 
in their dimensions under the influence of variable external conditions, 


It was observed in studies of nonhygroscopic hydrophobic materials [1-2] that their linear dimensions 
alter in a characteristic manner with change of temperature, The behavior of a specimen is influenced by its 
state, which is determined by previous heat treatment (quenching and annealing), mechanical treatment (such 
as stretching, causing orientation of the structural elements), etc, In the case of polyamides, which are also 
slightly hygroscopic, variations of moisture content were also shown to exert an influence in addition to the 
above-named factors [3]. However, this influence is apparent, at the heating and cooling rates used, only in 
specimens of large specific surface, such as threads and thin films, because the rate of loss and absorption of 
moisture greatly depends on the surface area. Massive polyamide specimens in rod form were completely 
similar to hydrophobic materials in their behavior. 


The purpose of the present investigation was to extent these test methods to hydrophilic and hygroscopic 
materials, which include natural substances of the protein type. Their moisture absorption and loss under con- 
ditions approaching equilibrium have been frequently studied, Therefore, other aims are pursued and other 
problems solved in the present investigation, On the assumption that the change in the linear dimensions of a 
specimen is a complex result, indicating changes not only of the physical state but also to some extent of com- 
position, we considered it useful to compare the behavior of hydrophobic and hydrophilic materials under com- 
pletely analogous heating and cooling conditions, Attention was mainly focused on the behavior of specimens 
under real conditions, with all the hysteresis effects in the change of state. For comparison, variations of the 
specimen weight with the moisture content were observed under the same conditions, The results obtained with 
this procedure cannot be regarded as true constants for the various materials; other conditions and investigation 


methods would be required for this, 


The results of our investigations can be used for comparing the behavior of materials of different hydro- 
philic properties under definite kinetic conditions, and for predicting the behavior of the material in an article 
under real conditions of variable temperatures and corresponding variable humidity. 
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The results in this communication relate to collagen, gelatin, and silk fibroin. 


Collagen. The different kinds of collagen are important representatives of fibrous proteins in which, ac~- 
cording to x-ray data [4, 5], there is relatively perfect orientation of the long molecular chains along the fiber 


axis, 

The oriented structure of collagen is completely fixed at room temperature and in the air-dry state, ow- 
ing to strong intermolecular forces and the presence of covalent and electrovalent bonds between the side branches 
of the chains, Hydrogen bonding plays an important part in 
intermolecular action of protein chains, The relatively high 
hygroscopicity of collagen is due to the presence of functional 
groups capable of forming hydrogen bonds, Therefore, col- 
lagen, like any other protein, may in a certain sense be re~ 
garded as a binary system in which the second component 
is water, The quantitative collagen-water ratio varies 
greatly with the temperature, The ratio of different forms 
of protein—water bonding evidently varies also, The struc- 
ture of collagen, with the influence of moisture taken into 
account, has been studied by x-ray and electron diffraction 
and by electron microscopy [4-13], According to electron 
microscope data [11], the distance along the fiber axis be~ 
tween the bands of collagen fibrils exhibiting cross band- 
ing varies with the moisture content from 522 to 902 A, 
while the regular identity period of ~640 A in the direc~ 

a a | tion of the fiber axis, calculated from low-angle x-ray data 

Fig. 1. Variation of the length of a collagen [12] increases-to 672 A if the ere a of the air 

‘specimen with temperature. Dei 100% [11], When collagen is heated in water to 
~65° it undergoes irreversible supercontraction to 33% of 

the initial length, The x-ray pattern of supercontracted 


(shrunk) collagen changes sharply, as the longitudinally oriented peptide chains become randomly coiled, 


8 


Length change arbitrary units 


0 200 240 tC 


Collagen in the form of strips cut from semifinished hides made by the standard technological procedure 
was used for the dilatometric investigations. The collagen strips were carefully neutralized, electrodialyzed, 
and dried in air in the stretched state at 25-30%, The resultant specimens were compact, hard plates without 
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Fig. 2, Weight changes of collagen specimens on heating and cooling; 
1) 13°>120°+12°14°; 2) 22°>11.5%+131°+23° 3) 15°+250,5-18°, 


482 


signs of coarse porosity, as the fibers are glued together by this method of preparation. The average cross ~- 
sectional area of the specimens was 15.5 mm? and the thickness, 1.1 mm, Because the specimens were rela~ 
tively massive and rigid, the length measurements were performed under relatively low load (P = 0.23 g/ mm?), 
The results of two series of dilatometric determinations are given in Fig. 1, In the first series the temperature 
changes were 17°+1°>+70°>1°>18°, and in the second series, 36 hours after the first, 18°*252,5°*15? Changes 
in the linear dimensions of collagen under the influence of heat can be estimated from the fact that when the 
specimen was heated from 22 to 70° in the first series the length decreased by 2,19, The coefficient of linear 
expansion was Oeg—990 = 0.75 * 10™ [em/cm * degree] in the first series, and Og19—yg9° = 0.75 * 10, O459-~399 = 
= 0.70 * 10“ in the second series, 


In illustration, Fig. 2 shows the results of three series of 
experiments on variations of the weight of collagen specimens 
with temperature, A spring microbalance [3] was used for 
weight determinations, The principal weighings were followed 
by determinations of the specimen weight at constant or slight- 
ly changing temperature, for a long time, such as 38 days 
(Curve 2, Fig. 2). The influence ofthe sequence of the heating 
and cooling operations and the maximum heating tempera - 
ture on the form and magnitude of the hysteresis loop is clear 
from a comparison of Curves 1, 2, and 3 in Fig, 2. The princi- 
pal determinations ot specimen length and weight were per- 
formed at intervals of 1° every 3-5 minutes, The additional 
=a determinations, performed over a long period at constant tem- 
: perature or ata temperature which varied very slowly, are in- 
dicated by dash lines, 


ry units 


Length change, arbitra 


Fig. 3. Variations of the length of a gela- Gelatin, Gelatin is a derivative of collagen and has 

tin specimen with temperature. often been used as a more convenient material for investiga - 
tions yielding information on various physicochemical proper- 
ties of collagen [4,5,14,15]. It was, therefore, considered nec-~ 
essary to compare the results obtained for collagen with results 
for gelatin, Oriented strips of dialyzed photographic gelatin, 
dried in the stretched state, were used for the tests. The average 
cross-sectional area of the specimens was 2,3 mm?*, and 
thickness, 0.45 mm. Figure 3 shows the results of one series of 
dilatometric measurements, performed on a specimen previous~ 
ly heated to 40°, at P = 0.2 g/ mm*, The maximum length 
shrinkage of the specimen, from the start of the measurements 
at 16,5° to the minimum point on the curve, at 37° ¢rom A to B) 
Was 0.83%, O.go-ag? = 0.46 ° 1074, Variations in the weight of 
gelatin during heating and cooling are plotted in Fig. 4. 


Weight change, % 


Silk fibroin, Silk fibroin at room temperature is a highly 
Fig, 4. Weight changes of a gelatin speci~ concentrated protein gel, in the glassy state [16], although 
men on heating and cooling. with strong axial orientation, The x-ray pattern of silk fi- 
broin resembles that of 8-keratin and shows that its molecular 
chains are in the extended state [17]. Our tests were performed on fibers of cross-sectional area from 4,41 - 
- 107° to 5,16 * 1075 cm”, isolated from natural silk fibers washed free of sericin [18], In illustration, Fig. 5 
shows the results of two series of tests, performed with an interval of 12 hours, at a load P = 434 g/ mm? (the 
first series: 22,5°>2°*93°>10.5°>23°, and the second, 23°>22,5°°25°), The elongation of the specimen in the 
first series in the temperature range 22,5°>2°>13° was 0.36%, The shrinkage when the specimen was heated 
from 13 to 93° was 0.76%, The thermal treatment in the first series decreased the shrinkage caused by heat- 
ing from 23 to 95° to 0,57% in the second series, Similar results were reported earlier for hydrophobic poly~- 
mers and weakly hygroscopic polyamides [1-3]. The changes of fiber length calculated from the minimum 
point (Fig. 3) at 93° (A) to the maximum point at 22.3° (B) was approximately 1.15%, The coefficient of 


linear expansion, calculated for the linear region between 19.5 and 80°, was 0.15¢ 1074, If the fiber length is 
measured at a smaller load, the shrinkage is greater, It should be noted that measurements of the lengths of 
fine fibers and threads under small loads present practical difficulties, 


‘Length change, arbitrary units 


0 20 40 60 60 100 120 140 160 180 = 200 t°C 
Fig. 5. Variations of the length of a silk-fibroin fiber with temperature, 


Before the tests all the collagen, gelatin, and silk fibroin specimens were kept at the initial experimental 
temperature until the weight and length became virtually constant. The length variations shown in Figs. 1,3, 5, 
and 6 are given in arbitrary units and cannot be used for 

comparing absolute magnitudes, 


Length change, arbitrary units 
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Fig, 6. Variations of the length of a silk- Fig. 7, Dependence of the temperature 
fibroin fiber with temperature in addi- of mechanical breakdown of silk-fibroin 
tionally humidified air. fibers on the applied load. 


DISCUSSION OF RESULTS 


Comparison of the effects of temperature on specimen length (Figs.1, 3, 5, and 6) and on weight (Figs, 2 
and 4) shows that the effects are interrelated, It follows that dimensional changes in collagen, gelatin, and 
silk fibroin specimens, as in other hygroscopic polymers such as polyamides [3], under the influence of tempera - 
ture changes depend not only on thermal expansion, changes in the degree of orientation, and transition of the 
system from the nonequilibrium and unstable state (with regard to molecular packing) to a more stable state, 
but also to a considerable extent on changes of moisture content, The rates of these processes differ, and vary 
with temperature, The behavior of a "massive" lump of collagen is similar, with regard to the properties 
studied, to that of thinner specimens of gelatin film and silk-fibroin threads, In earlier experiments with poly- 
amides [3] a difference was found between the behavior of massive rods and of films and threads with a larger 
specific surface, This difference is probably due to the fact that moisture, the content of which under normal 
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conditions reaches “18%, plays a more impcrtant part in the proteins studied, and its removal from a massive 
specimen is less difficult because of the specific structure of collagen, The difference lies not only in the 
amount of water present in the protein system, but in the forms of its bonding. In fibrous proteins, in contrast 
to polyamides, some of the water (such as water condensed in the capillaries) is less firmly bound and is easier 
to remove from the system, 


The regions of constant length with varying temperature, observed on the dilatometric curves, indicate 
that in these temperature ranges the simultaneous increases and decreases of linear dimensions, which are com- 
ponents of the observed complex effect [3], proceed at equal rates, The direction and dimensions of the hystere ~ 
sis loops depend on the maximum heating temperature. This is illustrated in Figs.1 and 5, The specimen length 
may alter under isothermal conditions, as in the case of synthetic polyamides [3], with changes of moisture 
content until equilibrium is attained under the given conditions, Dilatometric measurements performed in 
additionally humidified air showed that shrinkages decrease and elongations increase in the corresponding temper- 
ature ranges, The form of the relationship does not change essentially, but the direction of the hysteresis 
loop may alter, 


Figure 6 shows the effect of temperature on the length of silk fibroin fibers in conditions of high humid- 
ity (in presence of liquid water in the dilatometer chamber), determined at P = 434 g/ mm”, The change of 
fiber length under these conditions from the start of the tests (25°, Point A) to the end (15°, Point B) was about 
1.4%, It follows that the behavior of hygroscopic materials depends on many factors and is a complex effect 
which appears both under the influence of heat treatment and under isothermal conditions, 


In addition to the experiments described, the temperatures at which silk-fibroin fibers undergo mechan - 
ical breakdown under different loads were determined by visual observations (Fig. 7). The temperature at 
which the fiber breaks can be regarded, in a certain sense, as the point at which flow commences under the 
applied load (P), The temperature at P = 0, determined by extrapolation, could be regarded as the transition 
point of the material into the viscofluid state in absence of external mechanical forces, if appreciable thermal 
degradation did not occur at that temperature. Analysis of variations of specimen length and weight with 
temperature reveals points on the curves corresponding to temperatures at which their steady course alters, The 
positions of these points may vary somewhat with the previous history of the specimen, the heating or cooling 
rate, and other factors, These points (with variations in their positions taken into account) were found in the 
following approximate temperature ranges: from 20 to 60°, from 90 to 130°, from 150 to 160°, and from 190- 
to 220°, Changes in the systems observed at ~ 40° are associated with the very high mobility of a certain por- 
tion of the moisture, This fact may be correlated with literature data on the character of hydrogen bonds [19], 
which have a decisive influence on these phenomena, Another and stronger form of bonding is represented on 
the curves by transition points around 100°, The change in the course of the dilatometric curves at “190° is 
probably associated with transition of the protein component into the high-elastic state, The viscofluid state 
is reached above 200°, In the case of collagen there is a special temperature point, close to 240°, where the 
course of the curve changes sharply; this is the softening point above which fluidity appears, However, mater- 
ial taken to this temperature shows surface signs of thermal degradation, In this instance this may be regarded 
as a side process, which complicates the normal changes of aggregation states to only a small extent, An interest 
ing fact is that this softening point of dry collagen, and also of silk fibroin, is close to the corresponding point 
for synthetic polyamides, In the case of collagen two temperature points were found: at 210 and 225°, deter- 
mined from measurements of specimen length on heating in Wood's alloy. For collagen tanned by vegetable 
tannins and chromium salts the second point is shifted to 250 and 260° respectively [20]. 


Thus, the dilatometric method can be used together with others for investigation of the state of fibrous 
proteins and determination of characteristic transition temperatures, Moreover, these results are of direct prac- 
tical interest, as they give an indication of the causes and extent of shrinkage in protein fibers and films with 
changes of temperature, and under natural atmospheric conditions, 


The conditions of hydrothermal and mechanical treatment of articles made from silk, collagen, and other 
fibrous proteins, intended for relative stabilization of the form and dimensions of the articles, can be chosen 
on the basis of dilatometric measurements in accordance with the end use, 


In numerous products made from collagen and fibroin fibers or layers of gelatin, extensively. used in tech- 
nology and the home dimensional changes and sometimes the associated stresses may have a decisive influence 
on their successful utilization. The hysteresis effects revealed by the dilatometric method also play an important 


part. 
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SUMMARY 


1, With collagen, gelatin, and silk fibroin as samples, it is shown that the dilatometric method can be 
successfully used for studying the behavior of fibrous proteins at varying temperatures. 


2, Variations of the moisture content sorbed or desorbed by the material play a significant role in the 
complex causes of linear expansion and contraction of protein materials, 


‘3. The changes of state revealed by the dilatometric method in the system studied, as in other polymer 
materials, are characterized by transition points, shrinkages, and typical hysteresis effects, 


I offer my deep gratitude to Professor S, I, Sokolov for his constant interest and discussions. 
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BOOK REVIEW 


COLLOID CHEMISTRY (TEXT BOOK FOR STUDENTS OF 
COMMODITY AND TECHNOLOGIGAL FACULTIES) 


A. P. Pisarenko, K. A. Pospelova, and A. G. Yakovlev 
Institute of Soviet Trade Press, 1956, 245 pp. 


During recent years many branches of colloid chemistry have acquired a new content, and the subject has 
become transformed to a considerable extent into the science of molecular surface phenomena and disperse 
systems, 


However, many textbooks of calloid chemistry, including some published recently, do not reflect these 
changes in due measure, and the book under review differs favorably from them in this respect, as it gives an 
adequately full presentation of the most important aspects of modern colloid science, 


In addition to colloidal systems proper, much attention is devoted in the book to microheterogeneous 
(coarsely disperse) systems ~suspensions, emulsions, and foams, Two chapters deal with compounds of high 
molecular weight - pelymers and their solutions - and these are especially important, not only from the scien~- 
tific but also from the practical standpoint. 


Considerable space is devoted to descriptions of the mechanical properties of polymers and structuro- 
mechanical properties of disperse systems, Fundamental information on surface effects and adsorption at vari- 
ous interfaces is presented in adequate detail, 


The presentation is strictly scientific, and the text contains much data in illustration of, the diverse applica- 
tions of colloid chemistry in technology and everyday life, 


Another merit of the book is the clarity of presentation, which enables the nonspecialist reader to be- 
come acquainted with all branches of colloid chemistry. 


In addition to these meritorious features, certain defects must also be pointed out. 


First, attention must be drawn to the somewhat inapt _ presentation of one of the most important problems 
of colloid chemistry ~ the stability of disperse systems, Jt is known that the principal factor in their strong stabil- 
ization is the structuromechanical barrier which is the consequence of formation of mechanically strong struc - 
turized adsorption layers on the surface of the stabilized particles of the disperse phase, or of volume structuriza - 


tion of the dispersion medium. 


However, the presentation of this problem in various parts of the book suffers from lack of clarity, Thus, 
in Chapter 6 (p. 136) the term "structuromechanical stabilization” of colloids with the aid of soaps is used for 
the first time, without an explanation of the nature of the effects, In Chapter 7 the structuromechancial fac- 
tor is not considered in a discussion of the stabilization of suspensions, on p. 148 an emulsifier is referred to as 
the "third component” of the system and, finally, on p. 151 there is a more detailed discussion of the structuro- 
mechanical factor, again in relation to the stabilizing action of soaps, Soaps themselves are described in the 
last (10th) chapter, on p. 237; and they are referred to as semicolloids, forming micelles of definite structure 
in solutions, and not as strongly surface -active substances the structurized adsorption layers of which have a 


high stabilizing effect on all disperse systems, 
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As a result the reader gains an incorrect impression of the difference between mechanisms determining 
the stability of different disperse systems and of the role played in them by structure forming surface-active sub~- 
stances, The role of another stabilizing factor — the ionic double layer - also remains somewhat obscure. 


It is therefore desirable to present this problem differently, to concentrate it in one chapter and with 
reference to all disperse systems, regardless of their state of aggregation and dispersity. 


Another defect is the fact that the authors devote very little attention to the properties of proteins and 
their solutions, Such a section would be particularly important, as the book is intended for commodity students, 
future specialists on the properties of food products, in which proteins constitute a fundamental material. 


In Chapter 1, in the classification of colloidal and disperse systems, the existence should have been noted 
of the class of lyophilic systems - soaps and spontaneously forming emulsions ~ in accordance with modern con- 
cepts (P. A. Rebinder), A distinction should also be drawn between emulsions of gases in liquids, and foams, 
which are cellular film: structures, 

It should have been pointed out in Chapter 4 that the coefficient K in the equation A = KS (p. 85) is 
proportional to the surface energy, with a reference to the work of Rebinder and his associates on hardness 
lowering, In the same chapter the method of electrical pulverization of metals should be included with dis- 
persion methods, 


In Chapter 6, B. V. Deryagin's coagulation theory should have been presented in greater detail. In 
Chapter 7 the question of stabilization of suspensions in different media should be correlated with the problem 
of selective wetting. 


In the classification of gels in Chapter 10,attention should have been drawn to the role of condensational 
and coagulative structurization in their formation. 


On the whole, this book is a valuable educational aid for students of nonchemical universities and colleges, 
and especially for correspondence and evening classes, 


With suitable corrections and additions the book should be republished for a wider circle of readers study~ 
ing colloid chemistry. 


There is no doubt that this book should be useful not only to students, but to practical workers for improv- 
ing their qualifications in this field, 


A. B. Taubman 
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CURRENT EVENTS 


PROBLEMS OF COLLOID CHEMISTRY AT THE 8th MENDELEEV CONGRESS 


The 8th Mendeleev Congress on general and applied chemistry was held in Moscow from March 16 to 

23, Considerable attention was devoted at the Congress to problems of colloid chemistry. It included a Sec- 
tion of Colloid Chemistry, and a number of problems closely related to colloid chemistry was discussed in cer- 
tain other sections, In particular, in the Section of Electrochemistry papers were presented on solvation iof ions 
and molecules and the structure of the double layer of adsorbed ions; in the Section of Polymer Chemistry and 
Technology, on the mechanical properties of polymers containing fillers; in the Section of Silicate Chemistry 
and Technology, on the properties of clay suspensions; the "Catalysis and Adsorption” subsection of the Physical 
Chemistry Section devoted one of its meetings (11 papers) to problems of physical adsorption and ion exchange, 


The Section of Colloid Chemistry held 6 meetings (one jointly with the Section of Silicate Chemistry), 
at which 57 papers and communications were read, From 70 to 250 delegates were present at the different 
meetings, and over 600 attended the joint meeting, Despite the fact that all published papers were excluded 
from the agenda, and the time allowed to the speakers was short and sometimes obviously inadequate, the sec- 
tions were overloaded and the discussions were therefore restricted, 


The papers presented to the Section were centered around the following problems: 1) surface layers and 
thin films; adhesion (10 papers); 2) adsorption and adsorptional interactions (11 papers); 3) emulsions and 
foams (7 papers); 4) formation, stability, and coagulation of colloids (11 papers); 5) physicochemical mech- 
anics and processes of structure formation (11 papers); 6) semicolloids and disperse systems in polymers (7 
papers), Each of these problems was discussed at a separate meeting of the section. 


Adhesion was discussed in the paper by V. P, Smilga and B, V. Deryagin on electronic concepts in the 
theory of adhesion, and by N, A. Krotova and L. P. Morozova on adhesion bonding and methods for its investi- 
gation. The theory of adhesion was developed further in these papers by consideration of electrostatic interac ~- 
tion forces, Yu. F. Deinega, A. V. Dumanskii, G. V. Vinogradov, and I, E. Neimark reported in their paper on 
the influence of surfaces and surface modification on the dielectric properties of certain disperse systems, They 
showed that measurements of the dielectric constant and the tangent of the dielectric loss angle constitute a 
valuable method for investigating surface changes in powders and suspensions of solid particles, The paper by 
V. V. Karasev and B. V. Deryagin contained new viscosity data on thin wall layers of liquid, determined by 
the viscosimetric "blow-off® method, G, I. Fuks reported the results of model studies of elementary acts of 
particle interaction in electrolyte solutions and showed how this effect is influenced by elecirostatic repuision 
of diffuse layers, ion hydration, and surface properties of the particles in relation to the distances between them. 
M. S. Ostrikov reported on his method for visual investigation of the development and “self-healing® of cracks 
in a transparent material under a varying load, This method was used to model and study drying and humidifica - 
tion processes in disperse and polymer systems, The problem of surface layers and thin films was also discussed 
in the papers by S, I. Popel’ on interfacial tension between iron and a silicate melt (measurements of drop shape), 
and by N, V. Pertsov on the surface activity of liquid metallic coatings and their influence on metal strength, 


The group of papers on adsorption and adsorptional interactions was concerned with theoretical and prac- 
ticalaspects of the problem, Deep-bitumenization coals, which are becoming increasingly significant in the 
national economy of Belorussia and adjoining regions, were discussed in detail in the paper by N, F. Ermolenko 
and Z, A, Krivchik, who described the structure and adsorptional activity of these coais, A. B. Taubman and 
S. A. Nikitina discussed the role of the kinetic factor in adsorption and wetting, and showed that when wetting 
agents are used in practice for dust removal their effectiveness depends on their ability to form equilibrium ad- 
sorption layers rapidly ratherthan on their high surface activity under static conditions, The use of solutions of 
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surface -active substances for dust collection was also the subject of the paper by P, I. Ermilov, who studied 
the relationship between the structure and effectiveness of polyethylene glycolethers of alkyl phenols. 1. E. 
Neimark presented the results of his investigations of the influence of chemical modification of the surface of 
mineral sorbents on their adsorptional properties, Four papers were concerned with the theory and technology 
of dyeing, P. V. Moryganoy considered the thermodynamics of dyeing of cellulose fibers; B. N. Mel’nikov 
presented equations for the kinetics of fiber dyeing; V. F. Androsov described the influence of various factors 
on the selectivity of vat dyes with respect to synthetic fibers (capron and nitron); A. A. Kharkharov described 
his researches on dyeing of synthetic fibers (nitron and lavsan) by soluble and insoluble dyes. The papers by 
A. A. Morozov, R. M. Dranitskaya, and E, K. Tsugui on the separation of the green and violet modifications 
of chromium sulfate, and by G. V. Nemirov on the sorption of certain salts from solution by cellulose, were 
concerned with particular problems of electrolyte adsorption and properties of adsorbents, Among the papers 
on adsorptional interactions was one by E. M. Kazakov and G, A. Kitaev on electron-microscope studies of the 
mechanism of formation of copper hydroxide films on a solid surface. 


Although, for formal reasons, the meeting of the section on “Emulsions and Foams™ was opened by a 
paper presented by V. F., Boiko’ his researches lie outside the scope of this problem and are concerned with 
‘methods for construction of composition—state~property diagrams for multicomponent disperse systems. E.M. 
Aleksandrova, V. N. Tsvetkov, and N, S, Razumikhina reported on their work on nonelectrolytic coagulation 
of polystyrene latexes, Coagulation was effected by stirring of concentrated latexes inan apparatus designed 
by the authors, The paper by A, I. Yurzhenko and R, V. Kucher was concerned with certain characteristics in 
the course of chain reactions in hydrocarbon emuisions stabilized by surface-active emulsifiers, In the authors‘ 
opinion these characteristics are associated with the presence of hydrocarbons of three degrees of dispersity in 
the system, A. B. Taubman and A, F, Koretskii discussed the role of the structuromechanical properties of 
adsorbed layers in the stabilizing action of solid emulsifiers, In the light of the results the action mechanism 
of solid emulsifiers was considered and methods of emulsifier selection indicated. M, A. Kovbuz presented a 
paper entitled "The role of the emulsifier as a kinetic factor in the oxidation of hydrocarbons in emuision 
form.” S. M. Levi reported on his investigations of the structuromechanical properties of gelatin and photo- 
graphic emulsions, which gave rise to a series of relationships necessary in relation to the application of photo- 
sensitive emulsions into supports, M. B, Radvinskii discussed the action mechanism of chemical antifoaming 
agents and proposed a new process for production of an effective antifoaming agent for systems boiling under 
pressure, 


Considerable interest was aroused by the paper presented by the leader of the Dutch school of colloid 

chemistry, H. Kruyt, who opened the discussion on colloid formation and stability. In his paper on “Motion 

_ of molecules", Kruyt showed that the distinction between simple and polymeric molecules is a nominal one. 
At the same meeting the Yugoslav chemist B, Tezak described researches in relation to the construction of 
plane and space models of disperse systems in the course of precipitation, Z. Ya, Berestneva and V. A. Kargin 
presented a paper on the crystallization mechanism of colloidal titanium dioxide, This work was a continuation 
of the series of electron-microscope investigations of the formation mechanism of colloidal particles. B. V. 
Deryagin read two papers, Inthe first he described original instruments for investigation of disperse systems 
or particle surfaces in flow (flow ultramicroscope, flow counter of condensation nuclei, etc.), These instru- 
ments are among the few available for kinetic studies of rapid changes in colloidal solutions and aerosols, In 
his second paper B. V. Deryagin discussed the specific characteristics of heterocoagulation and the elementary 
theory of this effect, and described model experiments which confirm the theoretical principles. Yu.M, Glazman 
and D, N, Strazhesko gave a paper entitled "Significance of adsorption effects in the mechanism of coagulation 
of lyophobic sols by electrolytes," which included the results obtained with the use of a radiometric method 
(perfected by the authors) for studying adsorption of ions by colloids. In .his paper on the production and 
properties of concentrated sols,E, M, Natanson generalized his researches of many years in this,field, anddis- 
cussed a series of practical application of: metal sols, S, G, Teletov’s paper was concerned with the results 
of a study of the reversibility of the Fe,O3 hydrosol-dry gel transition, and the influence of copper acetate 
on this process, S, E, Kharin discussed the applicability of thermodynamic methods for describing the stability 
of equilibrium (or, more correctly, quasi-equilibrium) colloidal systems, with resin sols and transformer-oil 
emulsions as examples, K, S, Lyalikov described a study of the recrystallization of polydisperse systems stab - 
ilized against aggregation, P. M. Silin, in his paper, generalized his theoretical and experimental work on 
the crystallization of sucrose, 
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Problems of physicochemical mechanics and structurization processes were discussed at a joint meting 
of the Colloid Chemistry and Silicate Chemistry Sections, The discussion was opened with P, A. Rebinder's 
paper entitled: “Fundamental problems of the physicochemical mechanics of disperse and polymer structures," 
This paper consisted of a summary of the principal laws of this new branch of science, developed by the author 
and his school, E. E, Segalova reported on her work on the kinetics of the development of crystallizational 
structures and demonstrated the significance of these processes in relation to cements, The first two papers 
were associated with communications by O, I. Luk'yanova on the structurochemical conditions of hydration 
hardening of sulfates, and E, B, Andreeva on crystallizational structure formation in calcium hydrochloro- 
aluminate. M. P, Volarovich and I, V. Churaev described their investigations of the physicochemical proper- 
ties and structure of peat with the aid of radioactive isotopes. A number of original methods of general interest 
was developed by the authors for these investigations, 


The physicochemical theory of concrete and some of its individual applications was developed further, 
and the structure ~forming function of aggregates in cement pastes was elucidated in papers by N, V. Mikhailov 
with E, E, Kalmykova and N, V. Mikhailov. N. V. Mikhailov’s colloidochemical theory of concrete has yielded 
‘valuable practical results. O, P. Mchedlov~-Petrosyan, F. A. Latyshey, A, G, Bunakov, and N. A, Levchuk pre- 
sented a papaer entitled “Thermochemical investigation of vibratory activation of cements," in which the hard- 
ening mechanism of cements of different compositions was examined, G, I. Logginov discussed the binding of 
calcium oxide by quartz sand. The paper by G, V, Tsitsishvili, D, N. Barnabishvili, and K, E, Avaliani was 
concerned with the adsorptive properties and structure of montmorillonites. V.N. Eremenko's paper dealt with 
the physicochemical principles of formation of sintered-metai compacts, 


The papers on semicolloids and disperse systems in polymers touched-upon particular, but important 
practical or theoretical aspects of these problems, They included a paper by V. I, Akimova, S, L. Talmud, 
and K, P, Mishchenko on interaction of cellulose with liquids, a communication by M, L Knyaginichey and : 
Yu, R, Bolkhovitina on the properties of starch in salt solutions, and a paper by A. A. Morozov and S, N, Stavrov 
on the results of a study of cation-substituted samples of Black~Sea agaroid and White-Sea agar. L, I, Belen*kii, 
M. E, Kazanskaya, and T, V. Bromberg reported on their work on the absorption spectra of dyes, Molecular in- 
teractions in semicolloid systems could be estimated from shifts in these spectra, E, V. Frisman reported on the 
use of a birefringence method for determination of the shape of macromolecules in solution. A. P, Demchenko 
read a paper entitled " Lyophily and some questions of the theory of directed synthesis of detergents," in which 
he considered the influence of structure on the wetting and detergent action of surface-active substances, 


The work of the Colloid Chemistry Section was summarized in a final address by its chairman, P, A. 
Rebinder, 


In its decisions, the section welcomed the successful development of applied and theoretical colloid 
chemistry in the Soviet Union, Indeed, the Colloid Chemistry Section of the 8th Mendeleev Congress was 
only a little inferior in the number and significance of the papers to the regular conferences on colloid chem-~- 
istry, although less than a year had passed since the last one of these had been held in Tbilisi. The volume 
of “Colloid Journal" is not adequate to keep up with this development of colloid science, so that there are 
considerable delays in publication, The section requested the Academy of Sciences USSR to increase the vol- 
ume of Colloid Journal by at least 50%, in welcoming the appearance of a new branch of knowledge ~ physico- 
chemical mechanics — the section requested the Academy of Sciences USSR to speed up the organization of an 
institute of physicochemical mechanics, The decisions of the section also raised the question of the organiza- 
tion of a permanent colloquium on colloid chemistry, and drew attention to the fact that the next regular con- 
ference on colloid chemistry is due to take place in 1961. 


G, I, Fuks 
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THE 60TH BIRTHDAY AND 35 YEARS OF SCIENTIFIC ACTIVITY 
OF PROFESSOR S. M. LIPATOV, ACADEMICIAN OF THE ACADEMY 
OF SCIENCES BELORUSSIAN SSR 


Z. A. Rogovin, V. A. Kargin, and P. I. Zubov 


October 12, 1959 was the sixtieth birthday and marked the completion of thirty five years of scientific 
activity of one of the most eminent representatives of colloid science, the outstanding Soviet scientist and social 
worker, Academician of the Belorussian SSR Sergei Mikhailovich Lipatov, 


His scientific work began in 1924 in the chemical laboratory of the First Moscow Cotton-Printing Works, 
where he carried out a series of investigations concerned with the adsorption of electrolytes on cellulose and 
insoluble dyes and showed for the first time that because of selective sorption of ions these processes may be 
regarded as chemical ion-exchange reactions, As the result of his experimental investigations Lipatov derived 
in 1926 the isotherm for ion exchange between adsorbent and solution, in the form accepted at the present time. 


In 1927 he became the head of the scientific section of the Central Laboratory of the Ivanovo — Voznesensk 
Combine, The researches performed during this period — on viscosity of dye solutions, characteristics of dye 
solvation, and coagulation of dye solutions — enabled him to formulate the general theory of syneresis which has 
been universally accepted, is given in all monographs and textbooks on colloid chemistry, and has retained its 
significance to the present day, For this work Lipatov was awarded the Mendeleev Prize by the Russian Physico~ 
chemical Society. In 1927, while he was a lecturer of the Ivanovo-Voznesensk Polytechnic Institute, he organized 
a special course of lectures on the theory of dyeing, and in 1929 he published them in the form of a monograph 
entitled "Colloidochemical Principles of Dyeing”, which until recently was the only handbook on the theory of 
dyeing by a Soviet author. In view of the great significance of artificial fibers in the development of the national 
economy, Lipatov organized in 1929 the first laboratory of artificial fibers in the USSR, in the Karpov Physico- 
chemical Institute, and when in charge of this laboratory he initiated extensive investigations of high polymers, 
which were of both theoretical and applied significance, During this period he did work on the theory of the vis~ 
cous process, 


As long ago as 1925 he worked out in detail the physicochemical aspects of cellulose mercerization, and 
on the basis of the law of mass action,he demonstrated the formation of a compound with the limiting composi- 
tion CgH70,(ONa)s. A detailed study of viscose production led him to conclude that the aging stage is not essen- 
tial; this was somewhat later applied in practice. In studies of celluloses of different structures it was shown that 
the kinetics of cellulose hydrolysis differs for differant cellulose modifications and is determined by the inter- 
molecular action of OH groups which are responsible for the structure of these modifications, 


Continuing his work on syneresis of polymer solutions, Lipatov established that syneresis is phase separation 
of a thermodynamically unstable solution into a gel and a molecular solution, and substantiated the hypothesis 
that the swollen gel is the only equilibrium state of polymers which do not dissolve spontaneously. 


Lipatov represented the spontaneous transition of a nonequilibrium solution into a swollen gel schemati- 


cally as follows: 
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Sergei Mikhailovich Lipatov 


which explains the effect of solution aging, somewhat confused at that time, as a transition into an equilibrium 
state, A series of investigations concerned with gel formation is closely associated with this work. 


It is evident from this scheme that a gel is not an equilibrium system but merely an intermediate link in 
the general chain of continuous changes taking place during aging. Accordingly Lipatov describes gelation as 
microsyneresis. If it is remembered that at that time Kryut’s theories, in which lyophilic colloids were regarded 
as lyophobic colloids with strong surface hydration and gelation was considered to be dehydration of the particles, 
were dominant, it is clear that the theory of gelation advanced by Lipatov was a new step forward, As the result 
of careful determinations of the heats of interaction of various high polymers (acetylcellulose, agar, gelatin, etc.) 
with different liquids Lipatov showed in 1932 for the first time that these systems are not especially highly 
solvated and that one polar group in a polymer molecule is shielded by one molecule of liquid. From this a new 
calorimetric method for titration of free polar groups in solid polymers was developed and it was shown for the 
first time that the so-called lyophilic colloids are hydrated quantitatively to the same extent as molecules or 
ions of sample substances, Kryut’s theory was subjected to serious criticism from this essentially new standpoint 
and was shown to be unjustifiable. In 1932 Lipatov wrote: "At the present time we certainly cannot regard a 
solvated particle of a lyophilic substance as a spherical nucleus uniformly covered by a solvation layer, The 
lyophilic particles have a chain structure, and a solvent interacts only with the lyophilic groups of such a molecule 
or micelle, and not with its entire surface. The presence of free unprotected hydrocarbon groups in the chain is 
sufficient for definite interaction to appear between the chains", 


Applying Langmuir's principle of independent surface action for the first time in this field, Lipatov showed 
that polar groups occupied by solvent molecules are prevented from mutual interaction, and that interparticle 
bonding can be effected only by means of the free field of force of CH, groups. 


At the end of 1931 Lipatov, who up to that time had been giving a course of colloid chemistry at the 
Moscow Higher Technical School, was appointed to the chair of physical and colloid chemistry in the All-Union 
Institute of the Leather Industry, where he organized the first polymer laboratory in the USSR and gave the first 
course on high polymers to be given in the USSR, These courses formed the basis of two books: “Colloid Science”, 
published in 1934, and “High Polymers”, published in 1936, In 1934 he was given the title of professor, and in 
1936 he was awarded the degree of doctor of chemical sciences without a dissertation. 


In 1938 he started work in the Colloidal and Electrochemical Institute of the Academy of Sciences USSR 
as head of the laboratory of the physical chemistry of colloids, where he continued his research in the field of 
high polymers, During his work in the Colloidal and Electrochemical Institute he was also, until the end of 
1939, the head of the scientific program section of the Presidium of the Academy of Sciences USSR. 


During this period he developed a theory of swelling of high polymers, based on concepts of diphilic struc- 
ture of macromolecules and the principle of independent surface action, He regards swelling as a complex pro- 
cess which occurs in two stages: 1) solvation, which breaks the most stable bonds between polar groups, ac- 
companied by liberation of heat and slight changes of polymer volume, and 2) swelling proper, without a heat 
effect, purely an osmotic entropy process, It was only by means of this theory that the fact could be explained 
that the temperature coefficient of swelling is positive although the process is exothermic. 


In his detailed investigations of aggregation effects in polymer solutions, regarded as being among the 
causes of the anomalous behavior of such solutions, he has, since 1936, carried out systematic studies of the 
influence of temperature on the properties of polymer solutions, such as viscosity, osmotic pressure, swelling, 
and gelation, and showed that on increase of temperature heat is expended for "fusion" of bonds at the non- 


solvated groups. 


Many of Lipatov's investigations are concerned with modification of the properties of individual polymers 
by introduction or removal of low-molecular fractions and surface~active substances, 


In 1940 Lipatov was elected Academician and Vice-President of the Academy of Sciences Belorussian SSR, 
and did extensive organizing work in relation to the establishment of a polymer laboratory in Minsk and the 


training of scientific workers, 


During the Great Patriotic War Lipatov was sent to Tashkent to organize the work of Belorussian Academy 
of Sciences; there, in addition to his work in the Academy, he was professor in the University of Central Asia 


and consultant to VIKhI of the Red Army. 
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From 1944 to the present day Lipatov has been head of the Department of Physical and Colloid Chemistry 
of the Moscow Textile Institute. During this period his scientific activity was marked by development of research 
on thermodynamic properties of polymer solutions and polymer thermochemistry. A series of investigations by 
Lipatov and his associates demonstrated the influence of temperature on the heats of solution and swelling of 
polymers; this made possible the development of an essentially new method for studying polymer structure. New 
fundamental data of great scientific importance were obtained in the course of these studies. 


In addition to his work of general theoretical significance, Lipatov carried out work of great importance 
to industry; this includes a method, developed jointly with his associates, for production of alcohol from dispersed 
raw materials containing starch and cellulose, and a new vacuum method of dyeing which accelerates the process 
3 to 4-fold. The origin and development of these investigations are closely associated with the general theoreti- 
cal trend of Lipatov’s work. 


Lipatov's work is carried out in close contact with the scientific research institutes, and he does extensive 
consultant work, 
Lipatov and his school have published more than 200 scientific papers and seven monographs and textbooks. 


The large manual on the physical chemistry of colloids, published in 1948, is widely used in the countries of the 
peoples’ democracies (China, Czechoslovakia, Hungary, German Democratic Republic), 


For 30 years he has done a great deal of teaching work, and has devoted much effect and care to the 
training of young scientists, including those from the national republics. During this time he has trained 25 
candidates of sciences and 6 doctors; his pupils hold leading positions in scientific research institutes and head- 
ships of departments in higher educational establishments. 


For a number of years Lipatov was a member of the scientific and technical council of the Ministry of the 
Food Industry and a member of the expert commission attached to the Higher Certification Commission, 


He has been a member of the editorial board of Colloid Journal since its foundation and has participated 
actively in a number of conferences on colloid chemistry. 


The work of Lipatov and his associates has furthered the development of colloid chemistry and the physical 
chemistry of polymers; his varied and prolonged scientific, teaching, and social activity has deservedly won for 
him the authority of an outstanding Soviet communist scientist among the scientific community. 


With all our hearts we wish our dear Sergei Mikhailovich many years of life, health, and creative success 
in his varied activities for the good of our great country. 
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PHASE SEPARATION ON POLYMER — POLYMER — SOLVENT SYSTEMS 


S. M. Lipatov and G, V. Lipatova 


Moscow Textile Institute 


Thermodynamically unstable polymer solutions (agar, gelatin, cellulose derivatives, etc.) can be stabilized 
by introduction of low-molecular fractions of these substances or of surface-active substances [1]. Zhigach and 
Rebinder [2] demonstrated the stabilizing effect of alcohols on gelatin solutions, Thus, these investigations laid 
the foundations of methods for modifying the properties of individual polymers in various liquids, It is now well 
known that many synthetic polymers, such as polyvinyl chloride, polyethylene, and others, form predominantly 
unstable solutions which separate out after a definite time. The general principle of formation of such a solution 
of any polymer lies in the selection of a liquid or mixture of liquids which act as solvents only above the critical | 
solution temperature, Below this temperature metastable solutions are formed, which can pass spontaneously in 
the course of time into colloidal solutions (microseparation) or form two phases (macroseparation)., Such solutions 
can be stabilized by low-molecular additives, the molecules of which can become attached at the interphase 
boundary and smooth out sharp differences between the phases, The form of the molecules is of great importance 
in this respect. For a given concentration, solutions of flexible macro- molecules may be regarded as being far 
from saturation if the macromolecules are coiled and the surface density of the polar groups is high, and as super- 
saturated solutions if the macromolecules are uncoiled and the surface density of CH, groups is considerable (in 
a polar medium). In the latter case the conditions are fully favorable for separation. For solutions of molecules 
with rigid uncoiled chains in presence of numerous CHg groups the stable region is represented by an aggregated 
solution (AF, >AFj,, , where F is the change of free energy because,as the result of aggregation through CH, 
groups, their force fields are balanced by mutual interaction of these groups. If the chains are coiled the region 
of highest stability in a polar medium is represented by a macromolecular solution because AF, > AFagg. S° 


Phase separation occurs quite analogously, although in a more complex manner, in polymer — polymer — 
solvent systems. Such systems are characterized by complete miscibility of the polymers taken separately in a 
given liquid, and lack of miscibility when the polymers are mixed in the same liquid, It should be emphasized 
- that one polymer may act as both a stabilizer and as a precipitant with respect to the other. Such systems have 
been studied for a long time. 


In studies of mixtures of starch and gelatin, de Jong showed that at a quite definite concentration this sys- 
tem separates out into two solutions, each of which contains the dissolved polymers in different proportions. This 
effect was termed coacervation, Dobry [3], who studied a number of such systems, concluded that phase separation 
in polymers is the rule rather than the exception, and that the concentration at which it occurs depends not only 
on the chemical nature of the components but on their molecular weight and the form of their macromolecules. 
It was held that the basic condition for compatibility is the presence of common quasicrystalline structural ele- 
ments in the macromolecules. Kern [4], who. studied phase separation in solutions of vinyl polymers, stressed that 
interaction is stronger between similar than between dissimilar molecules, and that separation of polymer solu- 
tions can be attributed to very low values of the entropy of mixing or positive values of the free energy of mixing. 
Scott [5], in a study of polymer compatibility, showed that mixing is possible if the heat content AH < 0. 
Slonimskii and Struminskii [6], who investigated the same problem also considered that complete compatibility 
occurs when AH<0. They emphasized that with increase of the molecular weights of the two polymers the role 
of the entropy change (AS) in the value of AF diminishes considerably. Indeed, if we assume that two compatible 
polymers have macromolecules of the same size and flexibility, we may also assume that when such macromole- 
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(1) 


100 % 50 100 %o 
Acetyl cellulose Polyvinyl acetate 


Fig. 1, Variation of osmotic pres- Fig, 2. Variation of specific viscosity (1g) 
sure (P) with concentration (c) in with composition (N) of mixtures of 1% 
starch — gelatin systems at various solutions of acetylcellulose and polyvinyl 
temperatures, acetate, 


cules are mixed no additional configurations arise. 


75 The entropy of mixing of such polymers per g of 
4 mixture is very small and the sign of the free energy 
is determined by the sign of AH; i.e., mixing occurs 
3 only when AH <0 and even a small negative heat 


of mixing corresponds to phase separation. Recently 
Mikhailov [7], in studies of mixtures of polyvinyl 
1 chloride with acetylcellulose and of polyacrylonitrile 
with acetylcellulose, found that both true and colloi- 
. dal solutions may be formed, in accordance with con- 
eee ih a Dispersed aii centration, and the former may pass into the latter 
starch in the 2-5% concentration range. Mikhailov considers 
that such colloidal solutions are thermodynamically 
unstable, and that their kinetic stability is high only 
because of the high viscosity. 


Fig. 3. Variation of specific viscosity (1) 

with composition of mixtures of 0.5% 

aqueous solutions of gelatin and dispersed 

starch. In that publication the criterion of thermo- 
dynamic compatibility of polymers in the solid phase 
is taken to be the expression AH #0. 


Recently the question of compatibility has been receiving increased attention, as studies of compatibility 
provide means of modifying the properties of different polymers with the aid of a common solvent. 


Vigelow and Kraagg [8] studied a number of systems by the viscosity method and showed that if a common 
solvent for two polymers is a good solvent for one and a bad solvent for the other then the viscosity — concentra - 
tion curves exhibit peaks or depressions which are not found if the solvent can be regarded as a good one for both 
polymers, In a very interesting paper, Hungar and Wiesner [9] considered processes of transition from true solu- 


tions to colloidal systems in solutions of polymer mixtures; it was shown that additions of small amounts of other 
liquids to suchsolutions raises polymer compatibility sharply. 


Dogadkin [10] also showed that mixtures of natural rubber and SKB synthetic rubber in a common solvent 
do not separate out if the total concentration is less than 5%, but the experimental viscosity — composition curves 


are not additive. They become additive if polar substances are added to the mixtures or if the temperature is 
raised, 


It follows from all the foregoing that there are many different explanations for phase separation of solutions 
of pairs of polymers, and different ways of inducing compatibility have been suggested. In our opinion the com- 
patibility of polymers both in the solid state and in solution with a common solvent is determined by the same 
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factor as the compatibility of substances of low molecular weight — a negative value of the free energy, Spon 
taneous mixing of polymers in the solid state is improbable because the macromolecules are bound by inter- 
molecular forces which must be overcome on mixing, Such mixing is more possible in the high-elastic than in 
the solid state, and it readily occurs spontaneously in the viscofluid state. The free energy AF may have a 
negative sign either when AH < 0, or when AS > 0), or as the result of both factors together, We cannot agree 
with the view that there is no gain of AS when polymers are mixed, such as is the case when a polymer is mixed 
with a liquid of low molecular weight. Everything depends on the packing density when the polymers are mixed. 
If the packing density was greater in the original state than after mixing AS increases considerably and the sign 
of AF is to a considerable extent determined by the sign of AS, as this is equivalent to conversion of rigid into 
flexible molecules. The assumption that mixing is determined only by a negative value of AH is equivalent to 
the assumption that only polar polymers are miscible. 


Therefore the first way of achieving mixing is by rolling or a similar operation which converts the polymer 
into the viscofluid state. This condition for mixing is satisfied if the macromolecules to be mixed are of similar 
structure or contain groups capable of interacting with each other, It is quite obvious that two nonpolar polymers 
of similar structure must be miscible, mainly owing to increase of AS, as in this case AH = 0 or is very small, 
Another way of mixing two polymers is in solution with a common solvent. In such cases there are not many 
solvents that give complete miscibility, as molecules of one solvent may interact differently with the molecules 
of the two polymers, If the two polymers are nonpolar and dissolve in a nonpolar solvent, they are deposited as 
a mixture when precipitated from solution. In this case 


| De Oe OO Us, 2 Oss Ok 


where Q is the heat of mixing, the subscript 1 refers to the solvent, and the subscripts 2 and 3 to the two polymers, 


If the solvent eliminates the field of force of the macromolecules completely and they exist in isolation 
from each other in solution, then in the case of polar polymers they can also be mixed in the solid state on pre- 
cipitation. If the solvent does not eliminate the field of force of the macromolecules of the two polymers, then 
if the polymers contain certain groups, interaction between them may occur even in the dissolved state, In that 
case: 


Qos = 10 —(@i1 + Qs + Qis t+ Qoot Q's) 


If such a mixture in the solid state is dissolved in a more active solvent or at a higher temperature the complex 
present breaks down into isolated molecules with rupture of Qgg bonds, 


Of course, all the foregoing is highly simplified, because polymer miscibility may be determined by 
entropy as well as energy factors. Steric factors, form and flexibility of the macromolecules, and presence of 
functional groups are of great significance in this respect. Unfortunately, these aspects have not been studied as 
yet, so that it can only be stated that mixing of a rigid and a flexible, a linear and a branched, or a linear and 
a globular polymer, etc., would differ from the mixing, say, of two linear polymers, Since the solubilities of 
polymers in the same liquid differ and the critical concentration is very high for some and very low for others, 
and the critical concentration of one polymer may diminish sharply in presence of another, as is the case in 
presence of a nonsolvent, it follows that the problem of mixing is highly complex and its study is of great practi- 
cal and theoretical interest. 


Consider first the mixing of two solutions, of gelatin and starch respectively in water, neither of which has 
been formed spontaneously; it may be seen that these solutions are supersaturated and the critical concentrations 
of the two polymers are very low; these same polymers in the dispersed state, when the critical concentration of 
each fs increased sharply, form macromolecular solutions which are completely miscible without separation. 


It should be noted that mixing of supersaturated solutions of starch and gelatin does not lead to phase 
separation in the region of low concentrations, However, a mixture of the same polymers loses its stability at 
higher concentrations, We may assume that separation may occur in latent and visible forms: latent separation 
can be observed by means of methods which reveal absence of additivity of properties in the mixtures; the more 
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pronounced the anomalies, the greater the tendency to visible separation of the mixture, Viscosimetric, osmotic, 
and colorimetric methods, which may reveal structural and thermodynamic peculiarities in separating systems, 
may be utilized with polymer mixtures. Figure 1 represents results obtained in determinations of the osmotic pres~ 

sure of starch and gelatin solutions at different polymer concentrations, It is seen that the osmotic pressures of 

the mixtures are lower than the additive values; at higher polymer concentrations there are inflection points, 
which indicate considerable microseparation of the system, If the temperature is raised to 40° the point of in~ 
flection is shifted toward higher concentrations, which may be due to the fact that one of the mixture components, 
gelatin, forms a true solution at 40° and the tendency to phase separation can be caused only by aggregation of 
starch macromolecules, At 80° anomalous behavior of the mixture ceases entirely. Starch and gelatin in the dis- 
persed state are miscible without appreciable separation. It may be assumed that because of the presence of 
acidic OH groups in gelatin and basic NH, groups in starch these groups interact by hydrogen bonding in polymers 
in the native state. Such interaction is hindered in dispersed polymers because of the globular state of the gelatin. 
The curves presented here are in good agreement with the heats of swelling and solution of the mixtures, experi- 
mental data on which will be presented in the next communication, 


The results of viscosity determinations for the same systems are given in Fig. 3; these indicate that devia- 
tions from additivity are very slight if one of the components is in the dispersed state. Mixtures of polyvinyl 
acetate with acetylcellulose and polystyrene* respectively exhibit very pronounced anomalies. The viscosity 
curve for the first pair of substances is presented in Fig. 2. The very pronounced anomalies found for this mix~- 
ture do not, however, denote lack of compatibility of these polymers in a common solvent — acetone. 

SUMMARY 


1, Conditions for separation of mixtures of polymer solutions in a common solvent have been considered 
in relation to the surface density of polar and hydrocarbon groups in the polymer molecules. 


2. The criterion for miscibility of polymers, as of substances of low molecular weight, is decrease of free 
energy, due to both enthalpy and entropy factors, 


3. Miscibility of polymer solutions is significantly correlated with the general structure and form of the 
-macromolecules: for example, starch and gelatin, which do not mix under normal conditions, can be mixed if 
one of the components is in a more soluble (e.g., dispersed) state, 
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HEATS OF SOLUTION OF DYES IN WATER AND THE DYEING PROBLEM 


S. M. Lipatov and I, M. Movshovich 


Moscow Textile Institute 


Problems relating to the dyeing of polymer materials are at the center of attention at the present time, 
The problem of dyeing (mechanism of formation of colored material) can be solved only if the properties of 
both the fibers and the dyes are taken into consideration. In the existing thermodynamic theory of dyeing the 
measure of dye — fiber affinity is taken to be the change of standard chemical potential p: 


Na |Z | D 
aye = RT In HIP'E _ Rr in| Nal ID le, 


z—-1 


where |Na| is the sodium-ion concentration; |D| is the dye-ion concentration; V is the effective volume; the 
subscripts f and o refer to the fiber and solution respectively. 


Unfortunately, no investigations in this field have revealed the equilibrium constant, and therefore the 
mechanism of dyeing remains obscure. As a consequence of this,Ay! retains a constant value for a large group of 
dyes which differ in chemical composition, degree of aggregation, and solubility, and therefore it does not 
represent either the individual properties of the dyes or the characteristics of the dyeing process (see table), 


The table shows that Apo varies over a very narrow range, from 5.11 to 5.83 kcal/mole. Since it is re- 
lated to-AH and -AS° (Ay — T AS°), the table contains calculated values of-AH and ~AS’, which give a more pre- 
cise characterization of the individual properties of the dyes, It seems that dye and fiber reactivity can be better 
expressed in terms of the heat of dyeing AH” or the entropy change AS®, It is important to note that AH® depends 
not only on the reactivity of the active groups in the fiber and dye, but also to a considerable extent on the bond- 
ing energy between the dye molecule and water, i.e.,on hydration of the dye, As the heat of hydration cannot 
be determined separately, we may assume that AH? is connected with the heat of solution of the dye in water, 
‘and therefore determinations of the heats of solution of dyes in relation to temperature are of interest not only 
for providing insight into dye properties, but in relation to the mechanism of dyeing as a whole. 


One of the most characteristic properties of direct dyes is their tendency to form fairly stable super- 
saturated solutions. This characteristic may be attributed to lack of compensation of the field of force of the 
nonpolar groups of the dye molecule in water, 


Apparently in an aqueous medium all the polar groups of a dye molecule are completely hydrated, and 
aggregation can be caused only by mutual interaction of nonpolar groups. In general it may be assumed that 
aggregation in dye solutions may occur in different ways, as shown schematically below: 


Type I Type Il 
Aggregated ions Su ions +=molecules + molecular aggregates 


As the temperature increases, aggregates of type I and II break up into individual ions or molecules, and 
the heat of such dissociation can be found especially easily by determinations of the heats of solution at different 
temperatures, It is interesting to note that the heats of solution of most dyes at room temperature are positive. 
Therefore in the equation Q = q—c the value q > c, which indicates that the heat of solvation predominates over 


501 


Changes of Standard Chemical Potential (Aj), Enthalpy (AH®), and Entropy (AS°) at 80 and 


100° For a Number of Dyes* 


—A 0, kcal/mole 


Dyes 


Direct Pure Sky -Blue 
Direct Black K 

Direct Dark Green 
Direct Black 3 

Direct Blue Light~Fast K 
Direct: Diazo Blue K 
Direct Violet 

Direct Gray S 


5 
Fe ay BO GOTE 
Fig. 1. Heats of solution of Congo 
Red in various solvents: 1) water; 
2) NaCl, 10 g/liter; 3) 20% pyridine 
solution; 4) 10% ethyl alcohol solu- 
tion; 5) 20% ethyl alcohol solution. 
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Fig. 2. Heats of solution of Direct Pure 
Sky-Blue in various solvents: 1) water; 
2) NaCl, 10 g/liter; 3) 20% pyridine 
solution; 4) 20% ethyl alcohol solution; 
5) 80% ethyl alcohol solution, 


the heat of bond breakdown between any particular groups, In this connection it is interesting to note that the 
solubility of a dye rises sharply with rise of temperature instead of decreasing; this may be attributed in the first 
instance to breakdown of bonds between nonhydrated polar groups. In studies of heats of solution of dyes in rela - 
tion to temperature [2] it was found for a number of polymers, soaps, and dyes that the heat of solution depends 
sharply on the temperature, and the relationship is of the nature of fusion and conforms to the Kirchhoff law. 
However, not all substances conform to this relationship, which varies appreciably with the nature of the solvent; 
therefore, in accordance with the results of osmotic determinations, it was assumed that the sharp decrease of 
the heat effect with increase of temperature is due to formation of aggregated solutions at low temperatures, 

and of molecular or ionic solutions at high temperatures. That is why in such systems the partial solubilities and 
heats of solutions of individual groups must be taken into account. The heat of solution Q;, may be regarded as 
the sum: QL= dp * &p ~ Cn 
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where qp is the heat of solvation of the polar groups; Cp is the heat expended in cleavage of the bonds between 
polar groups; and c,, is the bond energy for the nonpolar groups and the energy characteristics of the bonds between 
the nonsolvated groups in general. For this investigation two dyes were chosen, differing in the number of SO,Na 
groups and therefore in solubility: Congo Red (two SO3Na groups), with a tendency to form aggregated solutions, 
and Direct Pure Sky-Blue, which dissolves without appreciable aggregation. In addition to water, the solvents 
used were aqueous alcohol, aqueous pyridine, and NaCl solutions. 


Congo Red. Determinations of the heat of solution of Congo Red in water at various temperatures (Fig, 1) 
showed that the heat of solution is positive over the entire investigated range from 20 to 90°, and over a fairly 
wide temperature range (20-60 and 75-90°) the heat of solution is independent of the temperature. 


Thus, over an interval of about 15° (between 60 and 75’) there is a sharp drop in the heat effect, involving 
absorption of ~ 5 calories of heat. It is interesting to note that the heat of solution of Congo Red is somewhat 
higher in NaCl solution than in water, although it is well known that common salt suppresses the electrolytic 
dissociation of this dye. The heat of solution — temperature curve for aqueous pyridine solution lies consequently 
higher; the upper point of the inflection corresponds to 72° and the lower to 80°, and only ~2 calories of heat is 
absorbed, This is quite consistent with the solvent properties of pyridine. On the other hand, the heats of solution 
in alcohol, which is an effective precipitant, are considerably lower, and the higher the alcohol concentration 
the lower does the heat-effect curve lie, These results are fully consistent with the adsorption properties of Congo 
Red, Congo Red is taken up in greater amounts from aqueous alcohol solutions than from solutions in water. The | 
influence of common salt, in presence of which dyeing is more intensive and the heat of solution even increases 
somewhat, is probably associated with electrostatic phenomena, 


Direct Pure Sky-Blue differs sharply in its behavior from Congo Red, not only in pure water but also in 
the above-mentioned solutions. The heat of solution of Direct Pure Sky-Blue decreases steadily with increase of 
temperature in the 25-90° range (Fig. 2). The curves in Fig. 2 do not have the sharp breaks characteristic of 
Congo Red, and there is a fairly considerable decrease of the heat effect, possibly owing to the polydisperse char- 
acter of this dye. Possible confirmation of this assumption is provided by the fact that,in presence of aggregating 
agents such as common salt and alcohol,the plateaus and drops in the curves become more pronounced (as in 
fusion), Comparison of the absolute heats of solution of Congo Red and Direct Pure Sky-Blue shows that at both 
low and high temperatures the heat of solution of Direct Pure Sky-Blue is approximately 1.5-2 times that of 
Congo Red. 


These preliminary determinations show that heats of solution and sorption provide a more accurate measure 
of dye — fiber interaction than the chemical potential. 
SUMMARY 


1. It is shown that the enthalpy AH” and entropy AS° are a better measure of fiber and dye reactivity than 
the standard chemical potential Ay’. 


2. The heats of solution of dyes have been studied in relation to temperature and the connection between 
the heat of solution and the sorption of the dye by fibers is demonstrated. 
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THE PHASE STATE OF DIFFERENT CELLULOSE MODIFICATIONS 


S. M. Lipatov, D. V. Zharkovskii, and I, M, Zagraevskaya 


Moscow Textile Institute 


The question of the structure of different cellulose modifications is of great interest because of the excep- 
tional position of cellulose among the other polymers, 


We showed in 1932 [1] that different modifications of cellulose (native, depolymerized, and hydrate cellu- 
lose) differ from each other by their contents of free OH groups, i.e., by the numbers of OH groups involved in 
intermolecular bonding, 


The rate of hydrolysis of such modifications increases with decrease in the number of intermolecular 
bonds between the chains, i.e., with decrease in the number of free OH groups; this has been confirmed by a 
number of investigations [2, 3], Kargin and Mikhailov [4] showed that structural changes need not be correlated 
with mutual interaction of OH groups, as is the case in mechanical stretching of hydrate cellulose fibers which 
acquire additional strength but retain the activity of the original material. If such cellulose is heated in water 
or glycerol it loses its orientation completely; this is regarded as return to the equilibrium amorphous state, 


Discussions of this subject [5, 6] led to the conclusion that the x-ray and electron diffraction methods, 
which had been regarded as convincing, do not solve the problem of the phase state of cellulose and other poly- 
mers, Mikhailov [7] considers that these methods “indicate the high orientation of cellulose but do not touch 
upon the question of its phase state", Further investigations in this field may therefore shed more light on the 
problem. 


The Role of CH, and OH Groups in Formation of Cellulose Structure. In discussion of cellulose structure 
the role of CH, groups, which do not receive due attention in recent publications, must not be ignored, Cellulose 
is easily wetted by hydrocarbons; this is shown by the results of determinations of the heats of wetting of native 
cellulose (11.8 cal/g) and hydrated cellulose (20.0 cal/g) by benzene. The higher heat of wetting of hydrated 
cellulose by benzene can be attributed only to the looser structure of hydrate cellulose and the greater accessi- 
bility of its CH, groups. The fact that hydrocarbons do not act as plasticizers indicates that their bond energy 
with CH, groups is very low, but the value of the heat of wetting gives reason to believe that under favorable 
conditions bonding of the macromolecules may be effected by means of CHp groups also, When cellulose is 
wetted by water the latter interacts with weakly-bound and free OH groups in cellulose, The heats of wetting 
of native cellulose (10.5 cal/g) and hydrated cellulose (16 cal/g) by water indicate that water does not overcome 
all the bond energy between OH groups and interacts only with free OH groups. Evidently, investigation of the heat of 
wetting is a means of determining the numbers of free and bound OH groups in cellulose if the heat of wetting of one 


OH group by water is known. 


It has been shown [8] that all the OH groups in starch, irrespectively of its structure, are accessible to 
interaction with water. The heat of wetting of starch is the same for different structural modifications of starch, 
and is 28 cal/g or 4536 calories per glucose residue, which corresponds to the heat of wetting of three OH groups. 
Hence the heat of wetting (Q) of one OH group by water is (28 x 162)/3 = 1512 calories. 


From this value and the results of determinations for different cellulose modifications [9] we have the 
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following data: 
cal per OH Group Number of Bound OH Groups 


Native 561 2 
Hydrate cellulose 800 1.4 
Dispersed during 1 hour 1165 0.5 


Native eS yceate Dispersed Recrystallized 
cellulose 


The calorimetric method is the most accurate method for determination of the numbers of free and bound 
OH groups. If the- maximum heat of wetting (Q) of starch containing three free OH groups [8] is 28.1 cal/g 
(4536 cal per CgHj 90; group or three OH groups) whereas for dispersed cellulose Q = 20.9 cal/g, the number of 
free OH groups is copy = [20.9/28.1]- 100 = 74%)i It follows that dispersed cellulose contains 74% free and only 
26% bound OH groups. Native cellulose contains 27% free and 63% bound OH groups, and hydrate cellulose has 
55% free and 45% bound OH groups. These values are in good agreement with data on “crystalline” and "amor- 
phous” regions determined by the x-ray method, from density data, and by other methods, The number of bound 
OH groups determines the magnitude of the oriented regions in cellulose, and therefore : it is not possible to alter 
the cellulose structure (packing density) without affecting the bonds between OH groups. 


In most cases stability of the structure is determined by the orienting field of the OH groups. Therefore if 
certain properties of a sample are changed as the result of some influence (such as stretching), such changes 
cannot be regarded as being at all stable until the structure, determined by the chain orientation, becomes fixed 
as the result of intermolecular interaction through OH groups. Such an unstable structure breaks down readily 
when warmed in water, and such breakdown indicates merely instability of the packing, and not a tendency of 
oriented cellulose to return to the amorphous state as one nearer to equilibrium. 


We consider that the structure of cellulose is primarily determined by the ability of the chains to assume 
a configuration which ensures maximum mutual approach of the OH groups (see [1]}). Only in such cases can 
artificially induced orientation be expected to be stable; i.e., AF is negative if AH< 0 and AH> T AS, 


Recrystallization, Cellulose subjected to vigorous mechanical dispersion has a predominantly amorphous 
structure (as shown by x-ray diffraction) and a high content of free OH groups. However, this amorphous structure 
of cellulose does not represent an equilibrium state. Numerous attempts have been made to influence the struc - 
ture of hydrated cellulose in various ways, and the contradictions between the results are due to the unsuitable 
methods used for recrystallization. Heating of cellulose in water and in glycerol at 250° cannot be regarded as 
suitable, because even at that temperature the OH groups in cellulose are hydrated by water or solvated by 
glycerol, and cannot interact with each other. 


The method recently suggested by Mikhailov [17] for fiber formation with stretching in alkaline salt solu- 
tions at 140-160" is more successful, This method gave the a-modification of cellulose with bounding between 
OH groups, with a consequent decrease of equilibrium sorption and the appearance of new interference spots on 
the x-ray fiber patterns. 


We showed by the x-ray method [9] that amorphous cellulose passes spontaneously into the crystalline 
form on recrystallization, as indicated by the appearance of new interference spots not found for amorphous 
cellulose, Accordingly the transition of dispersed cellulose into the native state may be regarded as a phase 
transition of amorphous to crystalline cellulose. 
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Recrystallization, both of starch and of cellulose, was effected by the action of steam on the samples at 
100-140° for 1-2 hours. The heats of wetting (Q) of different cellulose samples in water show that as the result 
of more prolonged heating Q decreases to 12 cal/g; this may be regarded as almost complete restoration of the 
native cellulose structure, The macromolecules must have some freedom of movement for orientation. This 
is achieved if the OH groups are hydrated as the result of wetting and are not interlinked by hydrogen bonds. 


Q, cal/g 
Native cellulose 10,4 
Hydrate cellulose 15.5 
Cellulose dispersed during 2 hours 21.6 
Cellulose recrystallized at 100° 17.2 
Same, at 140° 12.0 


However, when the sample is heated, not only is the thermal motion of the macromolecules and their structural 
units increased, but the water taken up by the cellulose evaporates, and therefore as soon as OH groups become 
released from water they interact with each other and reinforce the structure formed. Thus at 120° this process 
occurs spontaneously (AF < 0, AH< 0 and AS < 0), and the decrease of AS is determined by a more ordered 
arrangement of the macromolecules. This means that in the general thermodynamic equation AF = AH — TAS 
the term AF can have a negative sign only if AH (AH>T AS), is negative, i.e., if bonds are formed. The packing 
density then increases not only because of flexibility, but primarily as the result of hydrogen bonding, i.e., owing 
to a change of enthalpy. 


Dissolution of Cellulose. It is very often emphasized that the heat of wetting cannot be used in solving 
problems of structure, since it refers to the state of the surface only, and that only the heat of solution can provide 
the answer to the question of the phase state of a polymer. However, the heat of solution of cellulose Q, # 40H ~ 
Coy Where doy, is the heat of hydration of OH groups and copy is the energy of rupture of the bonds between 
them, Since some OH groups are free even in native cellulose, Q, is for the most part positive and in reality 
Q, = 9"0H + q' OH — cozy, where q'o}, and q"Op are the heat of hydration of the free and bound groups respective- 
ly. The value of q'oy is higher for hydrate cellulose than for native cellulose, and higher for dispersed cellulose 
than for hydrate cellulose. Consequently the heat of wetting enters into the heat of solution and if the heats of 
solution of samples of different degrees of orientation are found experimentally to be constant, the true heat of 
solution Qy = Q) — doy’ = 4"oH ~ COH ©@N be found, The true heats of solution Qy may be equal if q’oy is 
also equal for all the samples, i.e., if mechanical orientation does not lead to formation of new bonds between 
OH groups and if the orientation is of a purely mechanical, unstable character. 


To provide a more precise solution to this problem, we determined the heats of solution of different cellu- 
lose samples in the [(C,Hs)gCgsHsNJOH base at different te mperatures. 


The results of these determinations are presented in the table, 


These results show that Qy has different values for different cellulose samples and that recrystallization 
has a significant influence on the number of OH groups involved in bond formation. If it is taken into account 
that bond formation is accompanied by artificial orientation and that such orientation conforms to the general 
equation AFo; = AHo; — TASoy, it follows that the expenditure of energy to overcome the kinetic forces of mac- 
romolecular flexibility, which tend to disperse individual portions of the macromolecules, leads to a negative 
value of AS, andtheorientation may be stable if the signs of AF and AH are negative. 


Only intermolecular forces can make any given cellulose groupings stable; therefore the stable form of 
cellulose is not the amorphous but the orientated modification; in the limit, the crystalline modification. 
SUMMARY 


1. The heats of wetting of various cellulose modifications by water and benzene were determined, and 
the role of CH, and OH groups in structure formation was demonstrated, 


2. The stable modifications of cellulose are those with the greatest orientation. 
3. Conditions for recrystallization of cellulose are considered and a new method for effecting it is proposed. 


4, Different cellulose modifications have different heats of wetting and of solution; the structure of cellu- 
lose is determined by interaction of the molecules and not by their flexibility. 
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EFFECT OF TEMPERATURE ON THE HEAT OF SOLUTION 
AND PACKING DENSITY OF POLYSTYRENE 


S. I. Meerson and S, M. Lipatov 


Moscow Textile Institute 


s 


Studies of the effects of temperature on the heats of solution of polymers reveal the changes undergone 
by the polymer in the pure and dissolved states on change of temperature, and make it possible to establish the 
relationship between the heat of solution of a polymer and its physical and phase states, Therefore our method 
for determination of heats of solution at various temperatures is very important as a “structural” method of 
studying polymers, 


In recent years numerous publications have appeared in which the physicochemical properties of polymers 
are correlated with their packing density; accordingly, the question of methods for determining the packing den- 
sity has arisen. Gatovskaya, Kargin, and Tager [1] noted that determinations of heats of solution and sorption 
isotherms are the main methods by which the packing density of polymer chains can be estimated. However, it 
has been pointed out [2] that "in estimations of packing density the sorption and calorimetric methods are not 
equivalent: changes of intermolecular forces can be assessed from determinations of heat effects, whereas sorp- ~ 
tion is determined by the configuration range as well as by looseness of packing”. In the discussion of this ques- 
tion we shall consider the calorimetric method for determination of packing density. 


We showed that different fractions of a given polymer, with limited swelling in the range of relatively 
low temperatures, have the same heat effects of interaction with the liquid at these temperatures, but at higher 
temperatures the heats of solution of the fractions differ from each other. We correlated these differences with 
differences in the structure of the fractions, in the looseness of their packing, and in the energy of intermolecular 
bonding [3]. Similar investigations were carried out on fractions and certain structural modifications of gelatin 
[3, 4], agar [5], starch [6], and polyvinyl chloride [7]. In all these cases, except that of agar, the heats of solu- 
tion of the fractions at high temperatures were lower for fractions of higher molecular weights, in contrast to 
polystyrene, the heat of solution of which was found by Schulz [8] to diminish with decrease of molecular weight. 
It was shown for these polymers that structural characteristics of polymers and polymer fractions which exhibit 
limited swelling can be revealed only in the temperature range in which all intermolecular bonds are overcome 
and complete dissolution occurs [9]. Studies of the heat of interaction with liquids at low temperatures in such 
cases only give the heats of solvation of free or weakly interbounded active groups, and are therefore inadequate 
for estimation of intermolecular bond energies or polymer packing densities, Despite the existence of publica- 
tions concerned with studies of the influence of polymer structure on heat of solution, in a publication [10] con- 
cerned with the relationships between thermodynamic functions, packing density, and molecular flexibility the 
conclusion is drawn that packing density has never been taken into consideration in thermochemical investiga - 
tions of polymer dissolution, This is not so, because packing density is primarily related to the energy of inter- 
molecular bonding of a polymer (AHg2), and this quantity, which characterized the polymer microstructure, has 
always been taken into consideration in calorimetric investigations, since 


AH = AHy4 17 AHee —AMje, 


where AH is the total change of enthalpy during dissolution; AHj, is the change of enthalpy on interaction of 
solvent molecules; AHjg is the change of enthalpy on solvation, 
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Fig. 1. Effect of temperature on the 
heat of solution of polystyrene in 


toluene: 1) our data; 2) data of A. A. 


Tager and N. M, Gur'yanova, 


a 20 60 100 7 °C 


Fig. 2. Heat capacity of polystyrene 
as a function of temperature: 1) pure 
polystyrene [7]; 2) 49% solution of 
polystyrene in toluene; 3) the same, 
24% solution; 4) the same, 7% solu- 
tion. 


Fig, 3. Enthalpy —tem~ 
perature relationship for 
a glassy polymer (abc), 
a crystalline polymer 
(dec), and an "equili- 
brium melt" (kbc), 
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1. Studies of the heats of solution of polymers can yield 
definite information on changes of their packing density under 
various influences only if the chemical composition of the poly- 
mer is unchanged. 


Examples of this are provided by variations of the heat of 
solution of rubber with the degree of stretching [11], differences 
between the heats of solution of crystalline and amorphous poly- 
mers, changes in the heat of solution as the result of thermal re- 
laxation of quenched polymers, etc. If other functional groups 
are introduced into the polymer chain (as in saponification of 
polyvinyl acetate or changes in copolymer composition) definite 
conclusions concerning changes in the packing density cannot be 
drawn from the heats of solution, because the chemical composi- 
tion has been changed, In such cases it is not always possible to 
find a solvent such that AHj is zero or, at least, the same for all 
copolymers of different composition. Thus, in work on saponified 
polyvinyl acetates [12] the solvent chosen was acetone, in which 
polyvinyl acetate dissolves readily, but polyvinyl alcohol does 
not even swell. It is clear that no conclusions can be drawn con- 
cerning changes of packing density in the series polyvinyl acetate — 
partially saponified polyvinyl acetates — polyvinyl alcohol. In 
another study [13] with the same series of polymers the solvents 
used were ethyl acetate, mixtures of ethyl acetate and alcohol 
corresponding in composition to the composition of the saponified 
polyvinyl acetates, and pure ethyl alcohol, In this case when pure 
liquids are replaced by solutions of various compositions the heats 
of interaction of the two liquids, the valuesof which depend on the 
composition, must be considered; moreover, it is necessary to take 
into account the possibility of interaction of the polymer with the 
second liquid, which is not its hydrogenated monomer, These 
effects must be taken into account because of the very small dif- 
ferences between the heats of solutions of the copolymers. 


Thermochemical investigations in which such changes are 
not taken into consideration do not give correct estimates of varia- 
tions of packing density in a copolymer series, It follows that 
definite conclusions concerning variations of packing density of 
polymers can be drawn from heats of solution only if the chemical 
composition of the polymer remains unchanged during the treat- 
ment and if the same solvent is used, 


On the assumption that the heat of solution of a polymer 
depends on the energy of intermolecular bonding and the packing 
density, we considered [14] the possibility of accounting for the 
decrease of heats of solution of polymers by increase of their 
packing density on heating, and drew attention to the fact that 
the experimental data needed for convincing conclusions of this 
nature are lacking, 


Recently Tager and Gur’ yanova [15] repeated the experi- 
ments performed by Schulz and by ourselves on determinations 
of the heats of solution of polystyrene in toluene over a wide tem- 
perature range, and obtained similar results, An interesting fact 
is that the heat of solution of polystyrene in ethylbenzene is the 
same as in benzene and toluene, despite the fact that ethylbenzene 


TABLE 1 


Effect of the Duration of Heating of Polystyrene 
on Its Heat of Solution at 60° 


Heating time, 


hours 12 
Q, cal/g 2.8 
TABLE 2 


Effect of Preliminary Heating of Polystyrene 
on the Heat of Solution (Q) in Benzene at 25° 


is the hydrogenated monomer of polystyrene, In their 
paper the decrease of the heat of solution of polystyrene 
with temperature is ascribed conclusively to increase of 
the packing density of polystyrene which takes place, in 
the author's opinion, when the polymer is heated under 
the conditions of the calorimetric experiments (during 
8-12 hours) because of the decrease of the relaxation 
time and increase of macromolecular flexibility. On 
these grounds the authors consider that they established 
the general relationship between polymer packing density 
and temperature, This conclusion is inconsistent with 
experimental data, Let us consider how the time of 
heating of a tube containing the substance under the 
conditions of the calorimetric experiment influences the 


Heating heat of solution, Our published data on the effects of 
tempera - temperature on the heats of solution of polystyrene in 
ture, ° various solvents were obtained under conditions such that 


the tubes with the substances were not held in the calori- 
6.0 meter for 10 hours. Nevertheless, we observed a decrease 
of the heat of solution from 7 cal/g to zero as the tem- 


80 

5.8 perature was increased from 10 to 80°. Our data and 
90 6.5 those from the paper cited [15] are plotted in Fig, 1. As 
80 5.5 the specimens of polystyrene used in the experiments 


may have been different, the experimental points show 
some differences, The discrepancy is least in the region 
of low temperatures, It is also possible that these discrepancies are associated with the effect of the duration of 
heating on the heat of solution. It must be pointed out, however, that despite the different conditions of heating 
in both cases the heat of solution decreases by 6.5-7 cal/g on increase of temperature. According to the views 
of the authors of the paper cited there should not be such a considerable decrease of the heat effect with increase 
of temperature without prolonged heating. 


It follows that either preliminary heating does not have any significant influence on the heat of solution 
and its variations with temperature, or relaxation processes are more rapid when polystyrene is heated than when 
the tubes are kept in the calorimeter. It has been shown [16] that the time of volume relaxation of polystyrene 
depends on temperature: at 73° volume relaxation is completed after about 1.5 hours, and at 60°, after 3 hours. 
With these data taken into consideration in determination of the influence of the heating time on the heat of 
solution of polystyrene, we carried out experiments at 60°, The tubes with polystyrene were kept in a calori- 
meter previously heated at 60° for different times, and the heat of solution in benzene was then determined. 
The results are presented in Table 1. 


Table 1 shows that the duration of preliminary heating has no significant influence on the heat of solution 
of polystyrene. 


This result may be confirmed by other experiments, If the observed considerable decrease of the heat of 
solution of polystyrene with increase of temperature (~7 cal/g) was due to increase of its packing density on 
heating, then preliminary heating of polystyrene at high temperatures (> Tg) and subsequent cooling to room 
temperature should influence the heat of solution at room temperature, If this view is correct, the heat of solu- 
tion should be less after heating than before. The results of determinations of the heat of solution of polystyrene 
after preliminary heating are given in Table 2, 


Table 2 shows that preliminary prolonged heating of polystyrene has very little effect on the heat of solution. 
Similar results were obtained earlier [17], when it was shown that isotropic polystyrene film dried under vacuum 
dissolves with liberation of 5.5 cal/g; oriented film stretched 2000% and heated at 120° under the same tension 
for 10 hours dissolves with a very similar heat effect, 5.1 cal/g. It is evident from this that heating even under 
these conditions does not result in a substantial decrease of the heat of solution, From the fact that the heat of 
solution is decreased by 0,5 cal/g it is concluded [17] that the packing density of oriented polystyrene increases 
as the result of heating, Therefore it follows from these data and Table 2 that the change of intermolecular 
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Fig. 4, Enthalpy — tem- 
perature relationship for 

a rapidly-chilled polymer 
(abc), slowly-chilled poly- 
mer (edc), and an "equili- 
brium melt” (kdc). 


7g % 2 


Fig. 5. Heat of solution — 
temperature relationships 
for: 1) rapidly -chilled 
glassy polymer (for the 
abc — kbc transition, Fig. 4); 
2) slowly-chilled poly- 
mer (for the ede — kde 
transition, Fig, 4); 3) on 
increase of the polymer 
packing density under con- 
ditions of the calorimetric 
experiment (for the adc — 
kde transition, Fig. 4). 


bonding energy in polystyrene heated at temperatures close to T does not 
exceed 0.5-0.6 cal/g. It is clear from this that when polystyrene is heated 
there is some increase of the packing density, but the decrease of the heat 
of solution with increase of temperature should not be ascribed to this 
change. 

We showed earlier [18], in agreement with the results of Schulz [19], 


that when polystyrene dissolves the heat liberated is equal to the difference 
between the enthalpies of glassy (Hyg) and dissolved (Hq) polystyrene 


d(H — Hg ) 
= ar —— 6 


ie 


The heat capacity — temperature relationships of pure and dissolved 
polystyrene are plotted in Fig. 2. Data for pure polystyrene are taken from 
the Schulz paper [19], while the heat capacities of polystyrene solutions 
were determined by us. Figure 2 shows that the heat capacity of dissolved 
polystyrene (cg = dHg/dT) is greater than that of glassy polystyrene 
(Cg = dH/ dT) at temperatures below T g while the two are equal above 
Tg. This means that as the temperature rises the enthalpy difference 
diminishes and AH tends to zero or to a constant value as Tg is approached. 
It follows that the heat of solution of polystyrene should also decrease with 
rise of temperature, because 


It is well known that the integral heat of solution calculated for the 
solute (second component) when H, ~0 is equal, for crystalline substances, 
to the sum of the heat of fusion and the integral heat of melt — solvent 
interaction, In the case of glassy substances it must be taken into account 
that their enthalpy is not equal to the enthalpy of a supercooled melt 
("equilibrium melt”). Figure 3 represents the enthalpy—temperature relation- 
ships of a substance in the glassy (abc), crystalline (dec), or “equilibrium 
melt” (kbc) states, It is clear from Fig. 3 that the enthalpy of a glassy 
substance is greater than the enthalpy of an “equilibrium melt”. 


If it is assumed that the enthalpy of a dissolved substance varies 
linearly to correspond to the line ke for an equilibrium melt, then it follows 
that when a glassy substance dissolves heat would be evolved which was not 
liberated in the course of the glass transition, the "heat of glass transition”. 


Therefore the integral heat of solution of polystyrene is the sum of 
the "heat of glass transition" and the integral heat of mixing of the "equili- 
brium melt" with the solvent, If the heat of mixing of an equilibrium melt 
of polystyrene with toluene and ethylbenzene is taken as zero (since the 
heats of solution of polystyrene in these two solvents are the same, and ethyl- 
benzene is the hydrogenated monomer, the heat of interaction for which is 


zero), it follows that as the temperature increases the decrease of the heat of solution of polystyrene is due to de- 


crease of the heat of glass transition, 


It follows that the effect of temperature on the heat of solution and the magnitude of the heat of solution 
of polystyrene at a given temperature are determined by the value of Ac and its dependence on the temperature, 


be. 
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Ts 
Qy=— A, = \ AcdT. 


T 


On the assumption that in the 20-81° temperature range the change of heat capacity is approximately 0.1, we 
find the heat of solution of polystyrene at 20° 


Qe = — AHy ~ 0,1 (81 — 20) = 6,1 cal/g 


This coincides with the experimental value found for the heat of solution. 


We now consider,in the light of the foregoing,how the change of enthalpy of polystyrene due to increase 
of its packing density on heating should influence the heat of solution — temperature relationship. Figure 4 shows 
changes in the enthalpy of glassy polystyrene on rapid (abc) and relatively slow (edc) cooling, The straight line 
kb, which is the continuation of the straight line for the enthalpy change of the melt, may be regarded with some 
degree of approximation as the line for the enthalpy change of dissolved polystyrene. It is clear from Fig, 4 that 
as the glassy polymer passes into solution (indicated by arrows) the positive heat of solution decreases with in- 
crease of temperature, because AHg = Hd — Hg decreases, However, in the case of an annealed polymer (edc) 
the Q = f(T) curve lies somewhat lower than in the transition from ab to kb, It follows from Table 2 and our 
earlier work [17] that the Q = f(T) curves lie close to each other. If it is assumed that when polystyrene is 
heated under the conditions of the calorimetric experiments its packing densityincreases, and as a result the 
enthalpy of polystyrene varied in accordance with the line ad, then this variation should be reflected in the 
Q = f(T) curve as shown in Fig, 5 (curve 3), At some temperatures curves 1 and 3 (Fig. 5) coalesce, and then 
as the packing density increases,a small deflection associated with absorption of heat appears in curve 3. This 
somewhat diminishes the heat of glass transition liberated during dissolution, It follows that the hatched portion 
of the graph in Fig. 5 represents the decrease of the heat of solution owing to increase of packing density on 
heating. As was shown earlier, this value does not exceed 0,5-0.6 cal/g for polystyrene, Careful analysis of the 
data in Fig. 1 shows that the Q = f (T) relationship is of the nature of curve 3 in Fig. 5. By continuing the linear 
portion of the curve we can find the decrease of the heat of solution due to increase of the packing density. This 
value is very small in both cases, 


Thus, when polystyrene is dissolved in toluene, benzene, or ethylbenzene,heat of glass transition is liberated, 
The decrease of 7 cal/g in the heat of solution with increase of temperature is due to the decrease of the heat of 
glass transition with increase of temperature. The closer the temperature to T g? the lower the heat of glass transi- 
tion, The effect of the increased packing density of polystyrene when it is heated in the conditions of the calori- 
metric experiments is manifested in a certain decrease of the heat of solution, especially as the glass-transition 
region is approached, 


Hence the conclusion that the decrease of the heat of solution of polystyrene is due entirely to increase of 
its packing density on heating is incorrect, and cannot be automatically applied to all polymers. Every concrete 
instance requires independent investigation with the physical and phase states of the polymer and their changes 
over a wide range of temperatures taken into account. In addition, the solution state of the polymer must also 
be considered, For example, when amorphous polyvinyl alcohol is dissolved in water,or amorphous polyvinyl 
chloride is dissolved in various solvents, heat is absorbed and not liberated, This indicates that the packing den- 
sity is higher and that intermolecular forces play a greater role in the glass transition of these polymers than in 


that of polystyrene. 


2. It is known [20] that the sorption of ethylbenzene by polystyrene has high values in the region of low 
relative vapor pressures, and the higher the molecular weight of polystyrene the more ethylbenzene is absorbed 
per gram of polystyrene, Sorption data were used to calculate values of Az, and the method of intercepts was 
applied to calculate values of AH, from the heats of solution of polystyrene in ethylbenzene [21], and it was 
shown that AS, <0. It was concluded from this that sorption of ethylbenzene in the region of low relative vapor 
pressures may be regarded as true adsorption and that the packing density can be estimated from the values of 
AS;. However, as heat of glass transition is liberated when polystyrene is dissolved, a different approach is 
needed for evaluation of the results obtained in studies of the sorption of ethylbenzene by polystyrene. 


It was noted by Jenckel [21] that if the heat of glass transition of polystyrene is taken into account in cal- 
culation of partial thermodynamic values, the partial heat of dilution AF, becomes zero over the entire com- 
position range. In that case Az =— TAS, is greater than zero for all polystyrene samples of various molecular 
weights, Accordingly, data [20] on the sorption of ethylbenzene by polystyrene in the region of low vapor pres- 
sures are subject to a different interpretation, consistent with the views of Kargin and Gatovskaya [22] according 
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to whom,in the case of polystyrene,sorption of very small amounts of monomer is sufficient to give rise to high - 
elastic properties and diffusional sorption, Therefore in sorption of the hydrogenated monomer by polystyrene 
the degree of sorption is determined by the flexibility of the polymer chains, as in the case of sorption by a poly- 
mer with flexible chains, and not by the packing density. In this case AS, represents the partial entropy of dilu- 
tion, independent of the packing density and the phase state of the polymer. It follows that the packing density 
cannot be estimated either from this value or from AHy, which is the partial enthalpy of dilution, That is not 
the case for the partial heat of solution of polystyrene, AHg. It is clear from the foregoing considerations that 
the partial heat of solution is equal to the sum of the heat of glass transition (or fusion) and the partial heat of 
mixing of the melt with the solvent, This value gives an indication of changes in the packing density of the 
polymer on interaction with the liquid, in contrast with AH,, which is the heat of dilution. The same value of 
AH, may correspond to several values of AH, in accordance with the packing density of the pure polymer. Simi- 
lar reasoning is valid in relation to the partial entropy of solution of polystyrene, AS.. 


It follows that the packing density of polystyrene cannot be estimated from the fsotherms of sorption of 
ethylbenzene by polystyrene or from values of AS; and AH,. This also follows from the contradiction between 
calorimetric and sorption data which arises from the paper [12] in which it is shown that in the region of low 
relative vapor pressures the sorption of ethylbenzene is greater by chilled than by annealed polystyrene, while 
their heats of solution are equal. 


It has been shown [23] that the sorption of n-heptane by crystalline and amorphous rubber is the same, and 
that the presence of the crystalline phase does not influence the sorptive capacity of rubber. However, it is well 
known that the phase state of a polymer influences its packing density, specific volume, and heat of solution. 
The heat of solution is lower for crystalline than for amorphous polymers, as in the solution process more heat 
must be expended to break down intermolecular bonds formed in the course of close packing. It follows that in 
this case also the sorption and calorimetric methods give contradictory results: sorption does not depend on the 
phase state, but the heat of solution does. 


It follows that in all cases when there is no true adsorption of the vapor from the liquid by active groups in 
the polymer, and the sorption process is accompanied by solvation with breakdown for intermolecular bonds be- 
tween the solvated groups, swelling, and dissolution, the magnitude of the sorption depends not so much on the 
packing density as on the concentration of the swollen polymer and the configuration range (flexibility). In 
such cases sorption provides an approach to determination of flexibility of the macromolecules and not of the 
actual packing density. 


Thus the calorimetric method for evaluation of the structural characteristics of polymers (packing density) 
gives more reliable information than sorption studies in the cases under consideration. 
SUMMARY 


1, The increase of packing density of polystyrene when it is heated in calorimetric determinations is very 
slight, and therefore it has very little influence on the heat of solution. 


2. The negative temperature coefficient of the heat of solution of polystyrene is attributable to decrease 
of the “heat of glass transition” with increase of temperature, and not to increase of packing density. 


3, Studies of the sorption of ethylbenzene by polystyrene make it possible to estimate flexibility of the 
macromolecules rather than the packing density of polystyrene, as there is no true sorption in this case, and the 
sorptional process is diffusional in character, 
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DISPERSION OF CELLULOSE 


M. S. Shul*man and S, M. Lipatov 


Scientific Research Institute of the Alcohol, Liqueur, and Vodka Industry 


After fine dispersion in a ball or vibratory mill, starch becomes soluble in the cold and can react actively 
with amylase without preliminary boiling or conversion into paste [1, 2]. It was shown by x-ray diffraction that 
the molecular chains in dispersed starch completely lost their spatial orientation. Viscosimetric investigation 
of solutions of dispersed starch showed that (Nn ae? c = f{(c) is constant over a wide concentration range. It was 
found [3, 4] that for polymers with a tendency to aggregation the heat of solution changes considerably with 
temperature, but if a polymer dissolves molecularly in a liquid its heat of solution is independent of temperature. 


We showed [2] that the heat of solution of dispersed starch of the maximum solubility is likewise inde- 
pendent of temperature and less heat is required to bring such starch modification into molecular solution than 
is needed in the case of native starch, The heat of solution of starch at the maximum degree of dispersion is 
25 cal/g. The explanation of the fact that the heat of solution of starch of the maximum degree of dispersion 
is independent of the temperature may be that intermolecular forces between the starch macromolecules are 
overcome during dispersion, possibly with simultaneous disintegration of aggregates and changes in their form, 
The possibility is not excluded that mechanical dispersion also leads to breakdown of ester bridge linkages and 
formation of free radicals, but in this case these changes were reversible. If dispersed starch is heated in steam 
at 100° it returns almost entirely to its original state (recrystallization occurs). It follows that the amorphous 
state of starch is not an equilibrium state. 


It should be noted that although the molecular weight of dispersed starch is about one half that of native 
starch, their copper numbers are the same, so that it may be assumed that the oxygen bridges in the starch mac- 
romolecules remain virtually intact. This formed the basis of a new method of alcohol production without boil- 
ing of starch. We showed [1, 6] that if starch-containing raw materials are dispersed they can be saccharified 
without preliminary boiling. This method [1, 6] gives 5-7% more alcohol than is obtained from boiled raw 
materials because it does not involve the losses which occur during boiling and by dispersion of unhulled grains, 
when certain amounts of fermenting substances are formed from the dispersed hemicellulose of the cereal hulls 


(Table 1). 


TABLE 1 


Alcohol Yields From Starch Materials 


Yield of alcohol Yield of alcohol 


Raw material % of inideeas 


theoreti- 


Raw material 


ar liters/ton 
Dispersed hulled oats Dispersed unhulled 96.56 69.00 
oats and barley 
Boiled unhulled 84.73 60.62 


Dispersed unhulled oats 
oats (control 


experiment) 
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TABLE 2 


Effects of Dispersion and of Acid Concentration on the Sugar Yield in Hydroly - 
sis During 1 Hour 


Sugar formed, % 


Acid concentra - Hydrolysis 
tion, % original dispersed conditions 
sawdust sawdust 
3 4,62 In the cold 
5 The same 
} Heated on water bath 
10 The same 


The data in Table 1 indicate that dispersion results in formation of some fermentable sugars from the 
cereal hemicellulose, and this increases the yield of alcohol formed by fermentation. 


Different cellulose modifications differ in their susceptibility to hydrolysis owing to differences in the inter - 
molecular forces [5]. Our investigations with dispersed cellulose (sawdust) confirmed this and showed that fine 
dispersion of cellulose raises the yield of sugas as the result of enzyme action by 2%, Undispersed sawdust yielded 
8.6% glucose, whereas the dispersed material gave 10.8%, thus, dispersion breaks down intermolecular bonds in 
the same manner as in starch, 


It was found in hydrolysis of native and dispersed cellulose in presence of sulfuric acid that fine dispersion 
of cellulose considerably facilitates acid hydrolysis (Table 2), 


It is clear from Table 2 that fine mechanical dispersion of cellulose modifies its microstructure by disinte- 
gration of the molecular bundles, and thereby facilitates hydrolysis. 
SUMMARY 
Fine mechanical dispersion of cellulose, leading to breakdown of its molecules, favors an increase of sugar 
yields after enzymatic and acid hydrolysis, 
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PREPARATION OF EMULSIONS BY ADDITION OF ELECTROLYTES 
AND NONELECTROLYTES FROM MUTUALLY SOLUBLE LIQUIDS 
AFTER PHASE SEPARATION* 


Aes AED Y 


Yaroslav Technological Institute 


It is usually considered that two immiscible liquids, i.e., liquids differing in polarity, are required for 
the formation of an emulsion [1]. The experiments described below show that this is not a necessary condition. 
It is possible to obtain emulsions from liquids miscible in any proportions, For this, in addition to the three com- 
ponents (oil, water, emulsifier) required for any emulsion, it is necessary to have a fourth component, which de- 
creases the mutual solubility of the liquids and causes the system to separate into two layers. 


If to a system of two mutually-soluble liquids a third substance, soluble in only one of them, is added ,the 
system separates out; this is illustrated by the systems ethyl alcohol — water + KgCOs or propyl alcohol — water + 
+ KCl [2]. 


Evidently in such cases one liquid phase can be emulsified in the other; for example, ethyl alcohol in 
aqueous potassium carbonate solution (Table 1), 


It follows from Table 1 and certain other data that propyl alcohol and pyridine are salted out more easily 
from aqueous solutions than ethyl alcohol or acetone, and that the greater the solubility of a salt in water the 
stronger its salting-out effect. 


The two-phase liquid systems listed in Table 1 were taken for preparation of emulsions, Emulsification 
was effected by intermittent shaking in presence of an emulsifier [3]. The chief difficulty lay in the choice of 
emulsifiers which would make the emulsions stable in presence of considerable amounts of electrolyte. Many 
emulsifiers used in formation of ordinary emulsions (as of benzene in water) fail to stabilize the investigated 
emulsions in presence of the electrolyte. Water-soluble surface-active substances (sodium oleate, Nekal, gelatin, 
etc.) were salted out by the electrolytes, and stable emulsions could not be obtained in their presence; Gold and 
ferric hydroxide hydrosols and latex also proved ineffective, as they were coagulated and precipitated when added 
to systems containing considerable amounts of salts. 


Good results were obtained with solid powdered emulsifiers. Concentrated stable emulsions of propyl alcohol, 
ethyl alcohol, acetone, and pyridine in 4N aqueous K,CO, could be obtained with kaolin as emulsifier, The 
optimum proportions of the components were: 10 ml of salt solution, 5 ml of the second liquid, and 3 g of kaolin* 
(Table 2). 

The stability of the emulsions was decreased if these proportions were altered, Emulsions of the following 


composition were less stable: 5 ml of pyridine, 10 ml of aqueous 4N NaH,PO, solution, and 10 g of kaolin, and 
5 ml of propyl alcohol, 10 ml of 20% aqueous KCi solution, and 2 g of wheat flour. 


Increase of the amount of kaolin to 3 g in emulsions of pyridine in sodium dihydrogen phosphate solution 
resulted in rapid breakdown of the system. The stability of the system was raised considerably by increase of 
the NaH,PO, concentration (to 35%), The stabilizing effect of increase of the concentration of the electrolyte 
solutions was confirmed for other emulsions, 


* Presented at the 4th Colloid Conference, Tbilisi, May 1958. 
* * Prosyanaya kaolin, GOST 6138~52. 
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TABLE 1 


Separation of Aqueous Solutions of Ethyl and Propyl Alcohols, Acetone, and Pyridine by 
Addition of Salts (organic liquid — salt solution taken in 1:2 ratio) 


Aqueous salt solution 


Organic liquid 
KCl, 20% NaH,PO, 4N 


Propyl alcohol Two layers Two layers Two layers | Two layers 
Pyridine Same Same Same Same 
Ethyl alcohol One layer One layer Same Same 


Acetone Same Same Same Same 


Thus, direct emulsions of the “oil” — water type can be obtained from miscible liquids separated by salting 
out, with the use of solid emulsifiers taken in large quantities, Solid emulsifiers do not have any significant 
effect on interfacial tension between liquid phases [4], but they form spatial structures of a quasisolid character 
at such interfaces. 


The emulsion type was determined under the microscope in presence of methyl red, insoluble in water 
and soluble in organic solvents, Experiments on separation of kaolin and charcoal powders by means of two- 
layer systems showed that kaolin remained in the aqueous solution while the charcoal was floated into the layer 
of the second liquid (alcohol, acetone, pyridine). It follows that polar compounds such as alcohols, pyridine, 
and acetone behaved like “oils” in relation to layers of salt solutions immiscible with them. 


A series of experiments was performed on formation of emulsions of the inverse type. When the sulfides 
of iron, copper, and zinc were used as emulsifiers, rapidly-separating emulsions of the water — oil type were ob- 
tained, Attempts to change the type of emulsion formed in presence of kaolin by variations of the phase pro- 
portions and by replacement of the glass test tubes by plastic vessels were unsuccessful, There was no phase 
reversal in the emulsions, 


When a direct current was passed through emulsions of alcohol, pyridine, and acetone in aqueous salt solu- 
tions the emulsions were broken with liberation of kaolin at the positive electrode, Other methods of breaking 
the emulsions were also tested, If they were shaken with excess water the dispersity of the droplets first de- 
creased and the emulsions were then broken. If an excess of the second liquid was added to an emulsion, this 
liquid soon separated out when shaking was discontinued, and a layer of concentrated emulsion formed in the 
lower part of the vessel, If the emulsions were boiled they were destroyed with liberation of kaolin, Centrifu- 
gation also resulted in complete breakdown of the emulsions with separation into three phases (two liquid and 
one solid). 


Nonelectrolytes as well as salts were found to be suitable for inducing phase separation of mutually soluble 
liquids, The two-layer liquid systems so obtained were emulsified by the same method of intermittent shaking. 


Two pairs of the mutually~-soluble liquids used in the first part of this investigation were taken: water 
with propyl alcohol, and water with acetone. The third substances used to induce separation were sucrose, 
which is soluble in water and insoluble in acetone and propyl alcohol, and camphor, which is soluble in acetone 
and propyl alcohol and insoluble in water. The solutions separated out when equal volumes of 40% aqueous 
sucrose solution and propyl alcohol or acetone were mixed, or when an equal volume of water was mixed with 
25% solution of camphor in acetone or propyl alcohol, To avoid precipitation of the demixing agent, pure 


liquid should be added gradually with shaking to the solution; for example, water to a solution of camphor in 
acetone, 


During the preparation of these systems in a number of cases fairly stable emulsions were formed without 
addition of emulsifier, Examples of these are emulsions of the W/O type: a) water in a solution of camphor in 


propyl alcohol; b) aqueous sucrose solution in propyl alcohol (Table 3), The breakdown of these emulsions and 
separation of the system took 2-3 hours, 
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TABLE 8 


TA BLE.2 


Composition of Stable Emulsions of Mutually-Soluble Liquids in Presence 
of Electrolytes and Powdered Emulsifiers 


Aqueous electrolyt Emulsifier 


Organic liquid(5 ml 
solution (10 ml) 8 yaaa ) 


name 


4N KeCOs 
4N K,COs 
4N K2COs; 
4N K,CO; 

4 N NaHyPO, 
NaH ,PQO, 
KCl 


preay alcohol Kaolin 
Ethyl alcohol Kaolin 
Acetone Kaolin 
Pyridine Kaolin 
Pyridine Kaolin 
Pyridine Kaolin 
Propyl alcohol Flour 


| amount, g 


Do DO bo GO Go 


Composition of the Investigated Emulsions of Mutually-Soluble Liquids in Presence of Nonelectrolytes 
and Organic Emulsifiers 


System First liquid Second liquid 
No. amount, 
ml 


1 


ao 


10 


11 


40% sucrose solution 
in water 


25% camphor solu- 
tion in propyl 
alcohol 


40% sucrose solution 
in water 


Same 


25% camphor solu- 
tion in propyl 
alcohol 


Same 


Same 


Same 
25% camphor solu- 
tion in acetone 


Same 


Same 


5 


Propyl alcohol 


aX 
Water 
Propyl alcohol 
Same 
Water 
Same 
Same 
40% sucrose solu- 
tion in water 
Water 


Same 


Same 


5 


Emulsifier 


Agar in 
water 


OP-4 


Agar in 
water 


Gelatin in 
water 


OP~4 
OP -4 


Agar in 
water 


Gelatin in 
water 


| 
OP-4 


0.5% 


5 drops 
10 drops 


0.1% 


0.5% 


5 drops 


For preparation of more stable emulsions from mutually-soluble liquids separated by nonelectrolytes, 
kaolin was tested as the emulsifier as before. However, in these systems kaolin did not have a stabilizing effect 
and the emulsions separated out rapidly, Better results were obtained with emulsifiers of high molecular weight: 


agar, gelatin,and OP-4 emulsifier (octyl phenol polyether with four ethylene glycol groups). 
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Of a number of oil — water type emulsions obtained, the most stable were systems No. 5, 8, and 9 given 
in Table 3; these separated out only after 24 hours. The other emulsions began to separate out gradually after 
a few hours (from 2 to 6). Benzene — water emulsions containing the emulsifiers listed in Table 3 had similar 


stability. 
Emulsions containing nonelectrolyte additives were broken by the same methods as emulsions prepared in 
presence of salts, 
SUMMARY 


1, A series of emulsions has been prepared from mutually~-soluble liquids separated into two layers by 
dissolution of an electrolyte or nonelectrolyte at a high concentration in one of the liquids, 


2. Only emulsions prepared in presence of a solid powdered emulsifier (kaolin)had high stability, but not 
emsulsions with soluble emulsifiers, 


3. Emulsions prepared in presence of dissolved nonelectrolytes with agar, gelatin, or OP-4 as emulsifiers 
were stable for several hours, 
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X-RAY STRUCTURAL ANALYSIS OF INTERACTION BETWEEN PAPER 
AND BINDERS IN PRINTING INKS 


M. P. Volarovich, V. T. Ivanova, E. M. Afanas'eva, 
and K. F. Gusev 


The Gosznak Scientific Research Institute and the Kalinin Peat Institute 


The purpose of the present investigation was to elucidate the interaction, of paper with binders in printing 
inks, The material used for the tests was ashless filter paper previously treated with benzene, The binders used 
were soluble potato starch, gelatin, drying oil, and petrolatum. Drying oils differing in activity were used: drying 
oil Ili, oxidized, of high activity, and drying oil VI, polymerized, of low activity. The paper was impregnated 
with the drying oils, petrolatum, and starch, and sized with gelatin, The starch-impregnated paper contained 
10-30% of starch by weight. After being dried at room temperature, the paper samples (except those impregnated 
with petrolatum) were studied by x-ray analysis. In addition, the following were investigated separately for com- 
parison: unsized and unimpregnated paper, dried oil films, petrolatum, starch in paste and dried form, and air- 
dry gelatin, Petrolatum, a nondrying liquid, was applied in the form of a drop to a wire ring where it was held 
by surface tension, 


The investigation was carried out with x-ray cameras of high resolving power using flat film, with 80 mm 
distance between the specimen and the film. These cameras were used earlier for sludies of the structure of 
peat and other disperse systems [1-4]. The photographs were taken with unfiltered Kg and Kg copper radiation; 
Akg = 1-539 A and kg = 1.389 A. A nickel filter was used in a few instances only. In order to obtain a sharp 
interference picture the exposure time was 6 hours with 25 ma tube current at 20 kv. All the patterns were 
analyzed by means of the MF-2 microphotometer and the results were plotted in the form of microphotometric 
curves. 


Untreated filter paper. It was shown earlier [1] that filter paper has the structure of native cellulose. A 
number of investigations [5, 6] have shown that native cellulose — ramie, cotton, etc. — has monoclinic symmetry 
with the angle 6 = 84° and cell constants a = 8.35 A,b=10.3 A andc = 71.95 A[7]. However, detailed indexing 
of the x-ray pattern of filter paper (Fig. 1,a and Table 1) leads to the conclusion that in addition to the three 
reflecting planes of the lattice there is a fourth plane. This plane corresponds to the interference ring Ag in Fig. 1 
and Table 1; the ring Ag is the result of superposition of K, interferences from the (200) plane and Kg from the 
(002) plane. In previous publications [1, 5-7] this ring was attributed entirely to Kg radiation of the tube from 
the A, (002) plane. The necessity to postulate the Ag plane arose owing to the impossibility of indexing the other 
reflections in accordance with the cell constants given above. To confirm this, an x-ray pattern of the filter 
paper was obtained with a standard nickel filter in the form of foil 0.007 mm thick in order to exclude 8 -radia- 
tion of the tube. The Ag interference ring was retained, although its intensity diminished somewhat because of 
the loss of 8 -radiation from the tube. 


The calculations are presented in Table 1. Column 1 contains the interplanar spacings and values of sin’6 
calculated from the measured diameters of the interference rings on the x-ray patterns, Column II contains the 
quadratic forms of the monoclinic lattice for each reflecting plane separately, Columns II and IV contain cal- 
culated data on the quadratic form for native cellulose [7] and for filter paper from our experiments, The values 
of sin’@ and the interplanar spacings d given in columns I and II respectively differ somewhat. This is because 
the lattice parameters of filter paper and native cellulose are not identical. If the lattice of filter paper is 
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Fig. 1. X-ray patterns: a) original filter paper; b) dried starch paste; c) filter paper 
impregnated with starch (10% starch); d) same, 30% starch, 


V1 d 1101 200002 regarded as being somewhat broadened along the a axis 

Poet (8.78 A instead of 8.35 A) the X-ray pattern is indexed 
satisfactorily in the monoclinic form, It follows that the 
technological conversion of cellulose into filter paper 
and the associated mechanical degradation may modify 
the original cellulose structure and weaken the bonds 
between individual molecular chains; this is manifested 
in broadening of the lattice, 


Paper impregnated with starch, Figure1,b,c andd 


wAinig shows the x-ray patterns of starch converted to paste 
and dried at room temperature, and of filter paper im- 
200 pregnated with starch, Figure 2 shows the corresponding 
photometric curves, where the distances from the centers 
40 of the patterns (ring radii) are taken along the abscissa 
axis, and the reciprocal of the intensity of the light trans- 
mitted by the pattern is taken along the ordinate axis. 
600 Figure 1,c and d, and curves c and d in Fig, 2 show complete 
5. 0 6 20 25-90 95cam disappearance of two interference maxima of the cellu- 
lose lattice, (101) and(101). It seems that starch, with 
Fig, 2, Photometric curves from x-ray patterns: zigzag-shaped molecules, can penetrate into the "inter- 
a) filter paper; b) dried starch paste; c) filter molecular space" of cellulose with large interplanar 
paper impregnated with starch (10% starch ); spacings only, i.e., into space with weakened bonds, It 
d) same, 30% starch. becomes embedded between the layers and disorientates 
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if 


them; other planes of the cellulose lattice also undergo 
partial disorientation. Measurement of the (002) inter- 
ference ring for starch-impregnated paper showed that its 
diameter was smaller than that of the corresponding ring 
for paper not impregnated with starch, It follows that the 
(002) interplanar spacing, according to our calculations, 
increased somewhat (by 1.5-2%) and there was additional 
broadening of the cellulose lattice. It should be noted 
that Sponsler and Dore [6] established as long ago as 1926 
that when hemp fibers swell in water there is some 
broadening of the lattice; namely, 2% in the (002) plane. 


c (of of ~=200 002 


It is noteworthy that pure starch without paper, 
after being converted to paste and dried, returns to the 
native state and crystallizes during drying (Fig. 2, curve b). 


yi When starch is introduced into paper it is unable to crystal- 
a ee oe eee Sow lize and is apparently present there in the amorphous state, 
Otherwise a mixed x-ray pattern with interferences both 
Fig. 3. Photometric curves from X-ray patterns: for starch and for cellulose should be obtained. Variations 
a) filter paper; b) air-dry gelatin; c) gelatin- of the starch content in paper (10 and 30%) do not produce 
sized filter paper. any appreciable change in the appearance of the x-ray 


pattern (Fig. 1,c and d), 


Paper sized with gelatin, Fig. 3 shows photometric curves based on x~ray patterns of gelatin and of gelatin- 
sized paper. In contrast to the results of starch impregnation, complete disappearance of the (101) and (101) inter- 
ference maxima of the cellulose lattice is not observed in curve c, Fig. 3, The gelatin which penetrates into the . 
cellulose lattice produces only partial disorientation of the molecular chains and, as in starch impregnation, pene- 
trates into the "intermolecular space” formed by the large interplanar spacings of the lattice. The (101) and(101) 
interference rings are very diffuse. As in starch impregnation, there is a slight displacement of the (002) inter- 
ference ring in the direction of smaller glancing angles, i.e., the (002) interplanar spacing increases by approxi- 
mately the same amount as for paper impregnated with starch (1,5-2%), Air-dry gelatin has amorphous structure 
and Fig, 3, curve b, indicates a diffuse, very broad halo. 


Paper impregnated with drying oils. Fig. 4 shows the x~ray patterns of drying oil VI and of filter paper 
impregnated with this oil; the corresponding photometric curves are given in Fig. 5. Fig. 6 shows photometric 
curves based on x-ray patterns of drying oil III and of paper impregnated with this oil. It is clear from Fig. 4 
that the x-ray patterns present a totally different interference picture in this case from that found for paper im- 
pregnated with starch or sized with gelatin; impregnation of paper with drying oils does not cause distortion or 
broadening of the cellulose lattice, The (101) and (101) interference rings are not diffuse and can be observed 
quite distinctly in the x~ray patterns (Fig. 4,b); however, there is a redistribution of intensity between the (200) 
and (002) interference rings, In the x-ray pattern for unimnregnated paper the (200) interference ring is much 
less intense than the (002) ring. On the other hand, in the x-ray patterns of paper impregnated with drying oils 
the (200) interference ring is considerably more intense than the (002) ring. Moreover, these photometric curves 
reveal, near the (200) interference ring in the direction of smaller glancing angles, an interference maximum of 
very low intensity, caused by 6 -radiation of the x-ray tube from the (200) reflecting plane. This fact indicates 
once again that the (200) interference ring, Ag in Table 1, owes its origin to a-radjation from the x-ray tube 
and that it is masked by 6 -radiation of the tube from the (002) reflecting plane. Because of the low intensity of 
the (200) ring for unimpregnated paper the interference from 6 -radiation of the tube does not appear on thex-ray 
patterns and photometric curves, 


It seems that drying oils enter into a chemical reaction with cellulose, similar to the mercerization reac- 
tion which occurs when cellulose is treated with aqueous alkali solutions of definite concentrations, It was de- 
monstrated in the case of cotton wool [8] that an interference pattern similar to that given by paper impregnated 
with drying oils is obtained at the intermediate stage of cellulose mercerization, when aqueous alkali of definite 
concentration is incapable of converting the cellulose completely into the mercerized modification, The sample 
then contains both forms of cellulose. This state may be regarded as an independent phase [5}. 
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Fig. 4, X-ray patterns: a) dry No, VI polymerized drying oil; b) filter paper impreg- 


nated with No, VI polymerized drying oil, 


200 002 


101 101 


S afl G20. 25. 98 | Jeti 


Fig. 5, Photometric curves from 
X-ray patterns: a) filter paper; b) dry 
polymerized drying oil VI; c) filter 
paper impregnated with polymerized 
drying oil VI. 
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Fig, 6, Photometric curves from X-ray 
patterns: a) filter paper; b) dry oxidized 
drying oii Ill; c) filter paper impregnated 
with oxidized drying oil IIL, 


The (200) interference rings in curves c of Fig, 5 and 6 differ from each other in intensity, This ringhas 
much higher intensity for paper impregnated with oxidized drying oil III than for paper impregnated with poly- 
merized drying oil VI, However, in both cases the intensity of the (200) interference rings is higher than that 
of the (002) rings, In our-opinion this is to be explained by the degrees of activity of the two drying oils: the 
oxidized oil is the more active, To test these conclusions, filter paper was impregnated with petrolatum, which 


is known not to contain active groups, 


Paper impregnated with petrolatum. Figure 7 shows photometric curves based onthe x-ray patterns of petro- 
latum and paper impregnated with petrolatum, Curve c in Fig. 7 indicates that the (101) and (101) interference 
rings are diffuse, Impregnation with petrolatum (like impregnation with starch and sizing with gelatin) can cause 
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TABLES 


Interaction of Filter Paper with Binders 


Binder 


Drying oil VI, polymerized 
Drying oil III, oxidized 


Petrolatum 


* Mean of three determinations. 


Vito 
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Fig. 7. Photometric curves from X-ray 
patterns: a) filter paper; b) petrolatum; 
c) filter paper impregnated with petro- 
latum. 


Amount of alkali taken for titration of solutions 
after treatment, mg” 


pure paper 
and pure 
binder 


oiled 
paper 


pure paper pure binder 


172.3 
227.0 


partial disorientation of the molecular chains in the cellulose 
lattice, in the “intermolecular space" with large interplanar 
spacings as before, However, there is no broadening of the 
lattice or redistribution of intensity between the (200) and(002) 
interference maxima. It follows that there is no chemical reac- 
tion between paper and petrolatum, such as occurs between 
paper and drying oils. 


Physicochemical investigations, The saponification num- 
bers of pure paper, drying oils, and paper impregnated with the 
drying oils (oiled paper) were determined to confirm the exis- 
tence of interaction between papers and binders in printing inks. 
It was assumed that in absence of chemical action between the 
paper and the drying oils the amount of 0.1 N acid expressed 
in terms of milligrams of alkali required for titration of the 
solution after treatment of the oiled paper should be equal to 
the total amount of alkali required for titration of the solutions 
after treatment of the pure paper and pure binder, However, 
experiments showed (see Table 2) that in reality the amount 
of alkali required for titration of the solutions after treatment 
of pure filter paper and pure drying oil is considerably greater 
than the amount taken in titration of solutions after treatment 
of oiled paper, In determinations of the saponification number 
of paper treated with petrolatum, on the other hand, the amount 
of alkali taken for titration of the solutions after treatment of 
the oiled paper was equal to the total alkali taken for titration 
after treatment of pure paper and pure petrolatum. 


The amount of alkali required for titration of the solutions after treatment of oiled paper is less than the 
total amount of alkali required for titration of solutions after treatment of pure paper and pure drying oil because 
some of the active groups in cellulose and the drying oil interact, When paper is treated with petrolatum, which 
does not contain active groups, there is no interaction between the paper and the petrolatum and the amount of 
alkali required for titration of solutions after treatment of the oiled paper is equal to the total amount of alkali 
taken for titration of solutions after treatment of the pure paper and pure petrolatum. The results of this investi- 
gation indicate that chemical action takes place when paper is treated with drying oils, 


SUMMARY 


1. Ashless filter paper has the monoclinic cellulose unit cell with parameters somewhat different from 
those of native cellulose, namely: a = 8.78 A; b = 10.3 A; c = 7.96 A; angle B = 84°, 
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2. The Ag interference maximum, formerly regarded as the consequence of B -radiation of the tube from 
the (002) reflecting plane, is in fact the total interference maximum due to a-radiation of the tube from the (200) 
reflecting plane and 8 -radiation of the tube from the (002) reflecting plane. 


3. Impregnation of filter paper with starch and sizing with gelatin results in disorientation of the cellulose 


molecular chains in the (101) and (101) reflecting planes and additional broadening of the lattice by 1.5-2% in 
the (002) plane. 


4, Impregnation of filter paper with drying oils results in redistribution of the intensities of the (200) and 
(002) interference maxima and in formation of an intermediate form of cellulose structure, similar to the inter- 
mediate form in mercerization, Thus there is chemical action between cellulose in filter paper and drying oils. 


5. There is no chemical action between filter-paper cellulose and petrolatum, which does not contain 
active groups; when paper is impregnated with petrolatum there is no broadening of the lattice in the (002) plane. 


6. The existence of chemical action between filter-paper cellulose and drying oils, and absence of such 
action between filter-paper cellulose and petrolatum, has also been demonstrated by chemical methods, 
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INVESTIGATION OF THE MECHANISM OF FILM FORMATION 
FROM VULCANIZED LATEX 


1. FORMATION OF FILMS FROM NATURAL LATEX 


S. S. Voyutskii, D. M. Sandomirskii, N. M. Fodiman, 
and R. M. Panich 


Moscow Institute of Fine ChemicalTechnology, Elastomer Laboratory 


Despite the fact that the question of the mechanism of film formation from vulcanized latexes ("vultexes”) 
has been discussed repeatedly in the literature [1-7], it still remains obscure. The most justified view [7] seems 
to be that film formation during drying of vulcanized latexes consists of diffusion of free ends of the rubber chain 
molecules from one globule to another, resulting in the for mation of fairly stable bonds, 


It is known from practical experience that the strength of vultex films increases during storage. The 
probable explanation is that chemical bonds may form between the rubber molecules in different globules, 
either as the result of continuing vulcanization or migration of sulfur bridges already present, or by formation 
of oxygen bridges as the result of oxidation reactions, In addition, film strength depends on the protein emulsi- 
fier which, remaining between the globules, forms a network structure [8] and may join the globules together. 


The present investigation is concerned with experimental confirmation of this hypothesis, advanced earlier 
on theoretical grounds, | 


The experiments were performed with films made from natural latex preserved by ammonia and contain- 
ing 32.4% solids, The following films were made from this latex: 


1, Unvulcanized films, made in the usual way by drying of latex at room temperature in glass cells. 


2. Films from vulcanized latex (vultex) made from a mixture of the following composition: 


Rubber in latex form 100 wt. parts 
Sulfur 2 wt. parts 
Zinc oxide 2 wt, parts 
Sodium diethyldithiocarbamate 1 wt. part 


This mixture was heated in a thermostat for 45 minutes to 70°, and the heating was then continued for 
30 minutes at that temperature. Films were then made from the mixture by the usual method. 


3. Films made from latex, vulcanized after they had been prepared to the same extent as the vultex 
films, These films were made by the usual method from the latex mixture of the composition given in (2) 
above. The dried films were vulcanized at 90° in a thermostat for one hour, It was found that films vulcanized 
by this procedure were similar to vultex films in their degree of swelling in benzene, which is a measure of the 
degree of vulcanization. 


4, Films made from latex vulcanized under the usual conditions for rubber stocks, These films were 
prepared as described in (3) above, but were vulcanized at 125° for one hour. 


For determination of the degree of cross linking of the molecules during vulcanization the swelling of 
the films in benzene was estimated and the molecular weight M, of segments between the branch points was 
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TABLE, A 


Swelling of Films in Benzene 


Maximum Content of soluble 


M 
a swelling, % fraction, % . 
Vultex 665 8.5 715,200 
Vulcanized in the dry 412 3.6 21,500 


state at 125° 


TABLE 2 


Characteristics of Various Latex Films Before and After Swelling in Water Vapor 


: Amount of Tensile strength 
ae % | water-soluble 
Films on initia substances re~ 
f before after 
weton per iden wetght swelling | swelling 


Unvulcanized latex 5,4 6,2 35,8 10,8 
Vultex 6,3 5,6 132 09,6 
Vulcanized in the dry state 

at 90° thePA 4,8 146 157,9 
Same, at 125° 10,4 354 148 159 


calculated, This treatment weakened the films made from unvulcanized latex so much that the degree of 
swelling could not be determined, It is clear from the results in Table 1 that the degree of cross linking is con- 
siderably lower in the vultex film than in the film vulcanized in the dry state, It should be pointed out that these 
data characterize the vulcanizate network as a whole and give no indication of the presence of chemical inter- 
globular bonds, ; 


Effect of swelling in water vapor on film properties. The hydrophilic protein which cements the individual 
globules together swells to the greatest extent in water vapor, Accordingly, the film strength should decrease on 
swelling, In these experiments six weighed spade-shaped specimens prepared for dynamometer tests were placed 
for 24 hours in an atmosphere of 100% humidity. The specimens were then taken out, condensed surface moisture 
was carefully removed by means of filter paper, and the specimens were weighed; the degree of swelling was 
thus determined, The specimens were then subjected to tensile tests on an ordinary dynamometer with the lower 
jaw moving at 500 mm/ minute. 


Control specimens were dried to constant weight, so that the weight loss after swelling could be determined, 


Table 2 contains data on the amount of water absorbed by the specimens during swelling, the amounts of 
water-soluble substances removed together with water when the specimens were dried by filter paper, and the 
average tensilestrengths of the swollen films, 


The strength of films from ulvulcanized latex and vultex falls sharply as the result of swelling in water 
vapor. This shows that the strength of these films is significantly influenced by the native protein present between 
the globules, which forms a network structure and acts as a cement for the globules in the unswollen film, More- 


over, swelling of the protein in the spaces between the globules probably causes the globules to be pushed apart. 
This, of course, should also weaken the system, 


The strength of latex films vulcanized inthe dry state does not decrease on swelling, but even increases 
somewhat, Evidently in this case interaction between globules is effected by means of chemical bonds and the 
presence of a certain amount of moisture in the film does not weaken it, It is known that the strength of high 
polymers is increased by introduction of small amounts of water or other solvent which serves as a plasticizer [9]. 
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Another interesting fact is that as the degree of 
vulcanization increases swelling increases,while the 
amount of water -soluble substances removed from the 
film decreases, The explanation {is that a larger amount 
of water-soluble substance which cause swelling remains 
in highly vulcanized films with extensive vulcanization 
networks, 


A similar effect was observed by one of us in com- 
parative swelling tests, in water vapor, on films made 
from latexes and from solutions of the corresponding rubbers 
{10}. Films made from solutions swelled more than films 
from latex, because the former do not contain continuous 
networks of hydrophilic substances whereby they can be 
washed out, Such networks are destroyed if the films are 
swollen or dissolved, or heated at the vulcanization tem - 
perature, 


0 a 10 20 30 
Oil absorbed by specimen, % 


Fig. 1. Effect of swelling in petrolatum on tensile 
strength of latex films: 1) unvulcanized film; 
2) vultex film; 3) film vulcanized in the dry state 
at 90°; 4) same, at 125°, 

Effect of swelling in hydrocarbons on film strength, 


Hydrocarbons, which have a plasticizing effect, might be 
expected to assist slippage of the ends of the rubber mole- 


2, kg/cm? cules, intertwined as the result of diffusion, in the zones 
a ne of contact between individual globules, This should lower 
=< the film strength considerably if the latter is determined 
co} ee only by intertwining of ends of molecules which have 
Sige ress diffused from one globule to another. 
} See oF 
By pest. Petrolatum was chosen as the hydrocarbon. The 
eee 2 reason for its choice was that rubber swells well in it and 
| Moni it is nonvolatile. Spade-shaped specimens of different 
ES ar ean TAT) films were weighed and immersed in a vessel with petro- 
Temperature of tensile tests latum. After a definite time they were withdrawn, excess 


oil was carefully removed by means of filter paper, and 
weighed, To ensure uniform distribution of the oil in the 
films the specimens were kept between sheets of filter 
paper for 5 days after the end of swelling, Specimens con- 
taining 5, 10, 20, and 30% of petrolatum were obtained 

in this way. They were tested in an ordinary dynamo- 
meter, The results are plotted in Fig. 1. 


Fig. 2. Effect of test temperature on the tensile 
strength of latex films: 1) unvulcanized film; 
2) vultex film; 3) film vulcanized in the dry 
state at 90°, 


Figure 1 shows that the tensile strength of films from natural latex fell sharply with increased swelling. The 
strength was reduced to less than one third as the result of 30% swelling. The strength of the other films first 
increased somewhat on swelling, and then decreased at high swelling values (20-30%). 


It must be pointed out that at high swelling values the vultex film shows the most pronounced fall in 
strength. This indicates that the strength of this film, as of film from unvulcanized latex, depends to a considerable 
extent on intermolecular forces, Films vulcanized in the dry state do not show this sharp loss of strength as the 
result of swelling in petrolatum, evidently because the strength of such films is largely determined by the presence 
of continuous molecular networks characteristic of vulcanizates. 


Effect of test temperature on film strength. Since increase of temperature in the range studied usually leads 
to a sharp weakening of intermolecular forces but has hardly any effect on the strength of chemical bonds, it was 
of interest to study the influence of temperature during the tensile tests on the strength of different latex films. 


The tensile -strength determinations were performed in a special Schopper dynamometer fitted with a thermo- 
stat in which the clamped specimens were immersed. Before the determination each specimen was kept in the 
thermostat for 5 minutes to allow it to reach the required temperature, 
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The results are plotted in Fig, 2. Because of the different test conditions the results in Fig. 2 cannot be 
compared with the data in Table 1 and Fig, 1. However, it is clear from Fig. 2 that the strength of all the films 
decreases with increase of the test temperature, Films made from unvulcanized latex and from vultex show 
especially sharp drops of strength. The strength of films from unvulcanized latex falls by 80% in the 20-80° 
range, and the strength of vultex films by 88%, Films vulcanized in the dry state at 90° lose only 33% strength 
under the same conditions. 


This undoubtedly indicates that the bonds in films made from unvulcanized natural latex or vultex are 
intermolecular, 


It is quite understandable that when the films are heated their strength decreases more than when they 
swell in water or oil, because in the former case bonds between the rubber molecules and between the protein 
molecules are weakened simultaneously, whereas swelling in water vapor or oil loosens either the bonds between 
the protein molecules only, or the bonds between the rubber molecules only. 


However, increase of temperature does not lead to total loss of strength in vultex films. To some extent 
the film strength also depends on the presence of chemical bonds between molecules in adjacent globules, formed 
either as the result of continuing vulcanization or migration of sulfur bridges, or as the result of oxidation processes, 


Effect of mechanical treatment on film strength, The above data on the effects of swelling and tempera~- 
ture on the strength of vultex films show that bonds caused by van der Waals forces form between the globules 
during formation of films from vultex and unvulcanized latex, If the film is vulcanized in the dry state a net- 
work of chemical bonds is formed in it. It was desired to find how this difference in the nature of the forces 
influences film behavior in mechanical treatment. 


Accordingly the films were milled at room temperature on microrolls for 5 minutes with a 2 mm gap and 
for 5 minutes with a 1 mm gap. 


It was found that latex and vultex films form good continuous skins, whereas films vulcanized at 125° do 
not form a skin but are crumbled. 


In the first case absence of interglobular chemical bonds enables the globules to slide relatively to each 
other during milling so that their rubber contents can coalesce into a continuous mass, The presence of a spatial 
molecular network in the second case makes plastic deformation impossible, 


Thus, the fact that the strength of vultex films depends on the degree of swelling in water and hydrocar- 
bons and the temperature, and their behavior in mechanical treatment, confirms that the strength of these films 
is caused mainly by van der Waals forces between the globules. 


In conclusion, we must point out that our view on the causes of the strength of vultex films is not incon- 
sistent with the fact that vultex films are always much stronger than films made from nonvulcanized latexes, 
although the bonding between the globules is effected by forces of the same nature in both cases. It is quite 
reasonable to assume that films made from unvulcanized latex are ruptured in the rubber substance in the globules 
themselves rather than along the very strong protein interlayers between the globules or at the protein — rubber 
interface, In vultex films such rupture is greatly hindered by formation of a spatial vulcanization structure in 
the globules, so that the vultex films are considerably stronger than films from unvulcanized latex. 


SUMMARY 


1, The effects of swelling in water and petrolatum and of the testing temperature on the strength of 
rubber films made from natural latex, vultex, and latex films vulcanized in the dry state have been tested, 


2, The behavior of the films in mechanical treatment (milling) has been investigated, 


3. The strength of films from unvulcanized natural latex and vultex is due mainly to intermolecular 
forces, and the strength of films vulcanized in the dry state to the presence of a continuous molecular network 
characteristic of vulcanizates, 


4, It is likely that latex films are generally ruptured in the rubber material in the globules rather than 
along the very strong protein interlayers between the globules or at the protein — rubber interface, 
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INVESTIGATION OF ADHESION EFFECTS IN BONDING RUBBER TO METAL 
BY LEUKONAT ADHESIVE 


2, BONDING OF UNFILLED RUBBERS TO METALS 


B. V. Deryagin, S. K. Zherebkov, and A. M. Medvedeva 


Scientific Research Institute of the Rubber Industry, Moscow 


It was shown in the previous communication [1] that the strength of bonding of filled rubbers to metal by 
means of Leukonat adhesive is high when the intensity of interaction of the adhesive film with the rubber is 
approximately the same as with the rubber, Experiments showed that the interaction of the adhesive film with 
metal and rubber is influenced by such factors as the surface treatment of the metal and the type of filler in the 
rubber, so that the strength of bonding of rubber to metal may be varied, The present paper is concerned with 
studies of adhesion effects in bonding of unfilled rubbers to metal by Leukonat adhesive. 


By the electrical theory of adhesion [2] the reason why the work of peeling of polymer films from solid 
substrates has high values is that an electrical double layer, which acts as a kind of capacitor, is formed at the 
boundary of contact between the polymer and the substrate. The work expended in peeling the film from the 
substrate is used to overcome the attraction forces between the oppositely-charged layers of the capacitor. As 
the layers move further apart the potential difference increases, Occurrence of electric discharge sets the limit 
to the increase of potential difference, It follows that the work of peeling the film from the substrate depends 
on the charge density of the electric double layer. The charge density, in its turn, is directly related to the sur- 
face and volume properties of the contacting materials. The formation of the electric double layer may be 
attributed to the following processes: a) chemical interaction between the film and the substrate with transition 
of electrons from one phase to the other owing to their donor and acceptor properties; b) differences in the elec- 
tron affinity between the two contacting surfaces; c) oriented adsorption of dipolar molecules in the film; the 
formation of a dipolar potential difference at the interphase boundary causes redistribution of electrons between 
them which is equivalent to formation of an electric double layer with its layers in the two phases; these layers 
should become separated when contact is broken, or, in other words, the dipolar adsorption monolayer induces 
or intensifies differences in electron affinity of the two contacting bodies, 


The process of bond formation at adhesive — polymer and adhesive — metal interfaces may occur by various 
mechanisms in accordance with the composition, structure, and properties of the contacting substances and with 
the conditions of bond formation (temperature, pressure), If rubber is bonded to metal by means of an adhesive 
layer a high value of adhesion at the adhesive — rubber boundary would depend mainly on the composition and 
structure of the rubber present in the stock, It seems that the higher the polarity of the rubber the greater gen- 
erally are its adhesive properties. The cause of the high bond strength at the interface between a polar rubber 
and a substrate is oriented adsorption of the rubber molecules at this interface, It is evident that in bond forma- 
tion between a nonpolar rubber and a substrate the role of oriented adsorption is negligible, In such cases the 
causes of formation of the electric double layer are forces of chemical interaction between the nonpolar rubber 
and the substance which forms the basis of the substrate (adhesive). 


In the light of the foregoing it was of interest to determine the character of the forces causing bond for- 
mation in different rubbers when attached to metal by means of Leukonat adhesive, widely used as a bonding 


agent. 
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TABLE 1 | 
Compounding Formulas of the Rubber Stocks in Parts by Weight 


—= 


Rubber code marks 


Ingredients | a + Nets 
7, butyl 
“| rubber 
Rubber 0 0 0 0 
Magnesium oxide — 7,0) — a oe 
Zinc oxide 501-8, 5,01 50" S50 5, 
Stearic acid 0,5) — 250s OFS | mO yo 0,5 3,0 
Mercaptobenzothiazole 0,7) — 0,6] O,8) 0,8 0,8 0,65 
Tetramethylthiuram disulfide — — 0,4; — — —_ 1,30 
Sulfur 3,0]. — 2/0] sek pel: > ao 1,5 2,0 
Total 109,2}412,0|109,7]107,8)107,8| 107,8 | 111,95 
Vulcanization time at 143°, 20 30 | 60 | 50 | 50 | 50 | 50 
min, 


The experiments were performed with unfilled vulcanizates based on different rubbers. The formulations 
are given in Table 1, 


The rubbers were bonded by means of Luekonat adhesive to smooth steel plates (cleaned with No. 100 
emery paper) in the course of curing. The bond strength was measured in terms of the force required to peel 
the rubber from the metal and was expressed in kilograms per running centimeter of specimen width (in work 
units per unit area, ergs/cm’), 


The results of preliminary tests showed that in a number of cases the bond strength exceeds the strength 
of the rubbers themselves, and the bond failure is cohesive in character. In order that the bond failure should 
be adhesive in character in all cases, the thickness of the adhesive film was reduced. It was found, however, 
that décrease of the adhesive film has different effects on the bond strengths for different types of rubbers. 


The test results, presented in Table 2 and Fig. 1, show that Leukonat adhesive, based on triphenylmethane 
triisocyanate, can be used for bonding vulcanizates of both polar and nonpolar rubbers to metal, Considered in 
order of increasing polarity of the rubbers, the situation is as follows: butyl rubber does not contain polar groups, 
its chemical activity is also low, and therefore when its vulcanizates are attached to metal by means of Leukonat 
the bond strength is negligible. When the rubber is peeled off the metal all the adhesive remains on the metal. 
Natural rubber has a negligible content of polar groups, but it is much more active chemically than butyl rubber. 
Unfilled vulcanizates of natural rubber are bonded very well to metal by means of Leukonat. However, when 
the rubber is peeled off the adhesive remains on the metal, so that the bond strength between the adhesive film 
and the metal is greater than between the film and the rubber. Unfilled butadiene — styrene vulcanizates are 
also bonded very satisfactorily to metal by Leukonat, so that the bond strength is greater than the strength of the 
rubber itself. However, as the strength of the rubber itself is low, the absolute value of the work of peeling, 
which is a measure of the strength of bonding of this rubber to metal is not high (1.47 kg/cm); it was observed 
in the tests that the adhesive remains on the metal. Unfilled SKN-18 vulcanizate contains a definite amount of 
polar groups and is bonded well to metal by means of Leukonat (but not quite as well as natural-rubber vulcani- 
zates), When the rubber is peeled off the metal some of the adhesive passes from the metal to the rubber, Vul- 
canizates based on SKN-26 have a higher content of polar acrylonitrile group than those based on SKN-18. These 
vulcanizates are attached fairly well to metal by Leukonat, but the bond is weaker than with SKN-18 vulcani- 
zates. When the rubber is peeled off part of the adhesive remains on the metal, but most passes to the rubber. 
Nairit rubber is similar to SKN-26, Vulcanizates based on SKN-40, with the highest content of polar groups, are 

_ bonded weakly to metal by Leukonat and when peeled off the metal all the adhesive stays on the rubber, 


Thus, as the chemical activity and polarity of rubbers increase, the interaction of the adhesive film with 
vulcanizates of these rubbers also increases while the interaction between the adhesive film and the metalremains 
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constant, However, as the results show, the bond strength 


Bos does not increase continuously with chemical activity and 

& polarity of the rubbers; it increases at first, passes through a 

8 : 5 maximum, and then diminishes, If we denote the interac- 

a? tion between the adhesive film and rubber by Ay and the 

4 2 interaction between the adhesive film and the metal by Ag, 

s then we have: 

ot 

2 1) if Ay<Ay the rubber — metal bonding is poor. This 

2 Qi 43 16 2 - is the case when a chemically inert, nonpolar rubber vul- 
Thickness of adhesive film cm(L-10™*) canizate (butyl rubber) is attached to metal by Luekonat 

Fig. 1. Effect of thickness of Leukonat ad- adhesive. 

hesive film on the strength of bonding of 2) if Ayw Ag, the rubber — metal bonding is good. This 

different unfilled vulcanizates to metal: is the case when a chemically-active rubber or a rubber of 

1) butyl rubber; 2) natural rubber; 3) buta- moderate polarity (natural rubber, SKS-30, SKN~18, nairit, 

diene — styrene rubber; 4) SKN~-18; 5) nairit; SKN-26) is attached to metal. 


6) SKN-26; 7) SKN-40. 
: 3) if Ay> A, the rubber — metal bonding is poor. This 


is the case when a vulcanized rubber with a high content of 
polar groups (SKN-40) is attached to metal. 


It is thus seen that rubber — metal bond strength is 
high only if the interaction at the adhesive — metal and ad- 
hesive — rubber interfaces is of approximately the same 
intensity. If the interactionis considerably greater with one 
of the surfaces in contact with the adhesive film the rubber — 
ge tg metal bond strength is low. 


It has been shown [1] that if the metal surface is sand- 
blasted the interaction of the adhesive film with the surface 
is increased, Therefore the situation is different if the same 
vulcanizates are bonded to sandblasted metal surfaces. 


BR SKN-40 


Fig. 2. Effect of metal 
surface treatment onthe 


strength of bonding of The two most typical cases were chosen: bonding of 
SKN-40 and butyl rub- unfilled vulcanizates of butyl and SKN-40 rubbers, Both 
ber (BR) vulcanizates these unfilled vulcanizates are bonded weakly to smooth 
to it: 1 and 3) metal metal surfaces by Leukonat adhesive; however, the bond 
cleaned with No, 100 with butyl rubber is weak because of weak adhesion at the 
emery paper; 2 and 4) adhesive — rubber interface, while with SKN-40 rubber the 
metal sandblasted, adhesion at the adhesive — metal interface is weak. Sand- 


blasting of the metal surface has different effects on the 
strength of bonding of these two rubbers to it (see Fig. 2), Whereas the strength of bonding of butyl rubber to 
metal is almost unchanged after sandblasting (some increase of bond strength may occur perhaps as the result of 
an increase of the contact area caused by sandblasting) the bond strength with SKN-40 vulcanizate is increased 


roughly 10-fold; any further increase of the bond strength is limited by the strength of the rubber itself, as the 
failure of the joints occurs in the rubber, 


The test results in Table 2 and Fig. 1 show that decrease of the adhesive film thickness has different effects 
on the bond strengths for vulcanizates of different rubbers, 


An examination of the variations of the nature of the failure, presented in Table 2, shows that as the thick- 
ness of the adhesive film decreases,the interaction between the adhesive and the rubber usually diminishes because 
of the decreasing concentration of the adhesive, This influences the course of the curve representing the rubber — 
metal bond strength as a function of the adhesive film thickness, If Ay is the interaction of a film of the undiluted 
adhesive with rubber; A‘, is the interaction of a film of diluted adhesive with rubber; and Ag is the interaction of 
the adhesive film with the metal, then it follows from the experimental data that’ if the adhesive is diluted 
A';< Ay (this is a general rule), 
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For Nonpolar Rubber Vulcanizates 


For undiluted adhesive Ay=A,. For diluted adhesive A';« A, (the bond strength falls sharply with dilution 
of the adhesive). 


For Vulcanizates of SKN-18, Nairit, and SKN-26 (rubbers of moderate polarity) 


For, undiluted adhesive Ay>A2. For diluted adhesive A's Ag (the bond strength falls very slowly with 
dilution of the adhesive), 


For Vulcanizates of SKN-40 (highly polar rubber) 


For undiluted adhesive Ay>> Ag. For a diluted adhesive Ay'> A, (the bond strength increases somewhat with 
dilution of the adhesive), 


Leukonat adhesive can be used for fixing metal fairly firmly to vulcanizates based on both polar rubbers 
and nonpolar rubbers which are chemically active (natural rubber, SKS-30), Polar groups take active part in 
bond formation at the adhesive — rubber interface, as is exemplified by the bonding of unfilled rubbers (SKN-18, 
SKN-26, and SKN-40), The higher the nitrile group content of the rubber, the greater the interaction between 
the adhesive film and the vulcanized rubber, When mixes based on nonpolar rubbers are bonded to metal by 
means of Leukonat adhesive in the course of vulcanization, chemical interaction can apparently take place be- 
tween the rubber and the adhesive film. 


Since triphenylmethane triisocyanate, which is the basis of Leukonat adhesive, is polyfunctional in charac - 
ter, it may interact simultaneously with several rubber molecules and not only with one, with formation of a 
structural network as in vulcanization. To test this hypothesis it was of interest to study the interaction of rubber 
with isocyanate in solution, and the action of isocyanate as a vulcanization agent. 


SUMMARY 


1. The strength of the bond between rubber and metal effected by an adhesive film depends on the ratio 
of the intensities of interaction of the adhesive film with the contacting surfaces at the adhesive — rubber and 
adhesive — metal interfaces, The bond strength is greatest if they are approximately equal. If they differ con- 
siderably the bond strength is lower. 


2. One of the factors influencing the interaction between the adhesive film and rubber is the thickness of 
the adhesive film; as the film thickness decreases its interaction with rubber diminishes, and this influences the 
rubber — metal bond strength differently for different rubber vulcanizates, causing in some cases a decrease and 
in others a certain increase in the strength of the rubber — metal bond. 


3. Leukonat isocyanate adhesive gives a fairly high bond strength between metal and unfilled vulcanizates 
based on most polar and nonpolar rubbers. 


4, The interaction of the adhesive film with a vulcanizate increases with increasing content of polar 
groups in the rubber, 
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INVESTIGATION OF THE STRUCTURE AND ADSORPTIVE AND 
CATALYTIC ACTIVITY OF THE HYDROXIDES OF IRON, CHROMIUM, 
AND ALUMINUM IN RELATION TO THE PRECIPITATION METHOD 
AND TEMPERATURE 


N. F. Ermolenko and S. A. Levina 


Institute of Chemistry, Academy of Sciences Belorussian SSR, Minsk 


During recent years numerous papers have been published on the structure and adsorptive and catalytic 
properties of the hydroxides and oxides of aluminum, chromium, and iron. The interest in these compounds is 
due to their extensive applications as adsorbents and catalysts, It is known that adsorptive and catalytic activity 
depends on the structure of the adsorbent, and the latter depends to a considerable extent on the conditions in 
which the adsorbent was prepared, Naturally, much attention has been devoted to this problem. Studies of the 
effects of preparation conditions on the structure and adsorptive and catalytic properties of the hydroxides of 
aluminum [1-6], chromium [7-11], and iron [12-15] have been reported. Our earlier studies were concerned with 
the effects of the medium, aging time, and temperature on the adsorptive properties and structure of gels of 
aluminum, chromium, and iron hydroxides at the instant of formation in the mother liquors [16-18], of the pure, 
dialyzed gels in the air-dry state [19-21], and after appropriate heat treatment [22]. 


In the present investigation we studied the effects of the sequence and rate of precipitation and of tem- 
perature on the structure, specific surface, and the adsorptive and catalytic activity of the hydroxides of iron, 
chromium, and aluminum. 


The adsorbents (hydroxides of iron, chromium, and aluminum) were prepared from solutions of their sul- 


fates by precipitation by ammonia (from chrome alum in the case of chromium hydroxide) by the following 
four methods: 


_ 1, The equivalent amount of ammonia solution was added dropwise to the salt solution during 30 minutes 
with continuous stirring. 
2. The equivalent amount of ammonia was added at once to the salt solution. 
3. The salt solution was added at once to ammonia solution. 


4, The salt solution was added dropwise to the ammonia solution during 30 minutes with constant stirring. 


The pH of the medium after precipitation was 7-7.2. The temperature of the solutions before precipita - 
tion was 19°. In addition, precipitation by methods 1 and 2 was carried out at —10 and +50°. 


A total of 24 hydroxide samples was prepared. The samples were washed with distilled water to a negative 
reaction for SO,” with BaCl,, dried in air, ground in a mortar, and passed through a 52 mesh screen. 


The specific surface and structure of the samples were determined from the absorption of CCl, vapor in a 
vacuum m apparatus with the McBain quartz balance. The adsorptive activity was determined from the adsorption 
of Congo Red dye, the concentration of which was found by means of a photocolorimeter. The catalytic activity 
was estimated from the rate of condensation of acetone to diacetone alcohol. The concentration of diacetone 
alcohol was determined with the aid of an interferometer by means of a calibration curve plotted from data for 
solutions of diacetone alcohol in acetone [20-23]. 
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TABLE 1 ~ Structure and adsorptive and catalytic activity o 


Contents of Moisture and SO}” in Fe(OH)3 Samples 


soe” 
content, 


To 


in the literature that catalytic activity, as in decom- 
Color shade position of hydrogen peroxide, differs for differently - 
colored samples of ferric hydroxide [24, 25]. Gupta 

and Ghosh [26] found that hydroxide prepared at different 
pH values of the medium and in presence of different 
electrolytes varied in color from red to yellow. Like 
several other authors [27-29], they consider that the 
Yellow-brown color of ferric hydroxide depends more on its composi- 
tion than on the size of the colloidal gel particles, Our 
analyses showed that the ferric hydroxide samples con- 


tained moisture and certain amounts of accompanying 
* The nos, correspond to preparation methods (p. 543). ions (Table 1). 


Fe(OH), 
sample* 


Moisture, 


To 


Brown 


Red-brown 


~- wo WN 


Brown 


Table 1 shows that the yellow-brown sample 3 had the highest impurity content, and the red-brown sample 
2 was the purest hydroxide. The dye Congo Red, of large particle size, was not adsorbed by any of the hydroxide 
samples, Moreover, the color of the dye solution changed from red to blue-violet with samples 1 and 3. The 
probable cause of this color change is that in an aqueous medium SO%” ions are exchanged for OH” ions, and the 
medium becomes acidified (the pH was 3.0-5.2). It has been shown by Shishniashvili and Kargin [30] that highly 
purified gels do not take part in such exchange. 


Since the Fe(OH)3 samples did not adsorb the dye, we assumed that they were microporous in structure. 
The microporous sturcture of the samples was confirmed by adsorption of CCl, vapor. 


Figure 1 shows isotherms for adsorption and desorption of CCl, vapor on samples 1, 2, and 4 of Fe(OH)g gel. 
Sample 3 was completely inactive and its isotherms are not given. In accordance with Kiselev's classification 
[31], the isotherms in Fig. 1 are of the third type, i.e., characteristic of homogeneous microporous adsorbents. 
The adsorption isotherms were used for calculations of the specific surface of the samples, and the effective pore 
radius was calculated from the desorption branch of the curve (the pore-size characteristics are given). Since 
the Fe(OH)3 samples were microporous, with a relatively large specific surface, we used them as catalysts in 
preparation of diacetone alcohol from acetone [20-23], Ferric hydroxide had not been used previously for this 
purpose, It was found that some of our samples were more active than the calcium and barium hydroxides used 
in industry. Table 2 contains data on the specific surface, porosity characteristics, rate constants for the reaction 
of diacetone alcohol formation, and variations in the structure of samples 1 and 2 with the precipitation tempera- 
ture, 


It follows from Table 2 that the hydroxide of the highest catalytic activity was that prepared by rapid addi- 
tion of ammonia to the ferric salt solution at an initial solution temperature of -10°, and the least active was 
that prepared by the reverse procedure (sample 3), The active sample (2-,9°) had high specific surface and the 
greatest pore volume. Calculations showed that the effective pore radius in this case was 20 A. The adsorption 
isotherms and data in Table 2 indicate that less active gels are formed at 19° than at -10 or +50°. 


Structure and adsorptive and catalytic activity of chromium hydroxide, The air-dry samples of chromium 
hydroxide gel were analyzed for moisture and SO,” (Table 3), Table 3 shows that the SO4” contents decrease in 
the sequence from sample 1 to sample 4, It is well known that basic salts are formed in precipitation of chro- 


mium hydroxide [32]. 


In studies of the adsorption of Congo Red by chromium hydroxide we did not observe changes in the color 
of the dye solution such as were found with samples 1 and 2 of ferric hydroxide gel. The adsorption isotherms 
for the dye were plotted and used to calculate the maximum amounts of dye which saturate the adsorbent surface. 
The results, also given in Table 3, show that the chromium hydroxide samples had large numbers of medium and 
large pores, so that these large amounts of the dye could be adsorbed. 


Investigation of the adsorption of CCl, vapor showed that the Cr(OH), samples did in fact have very exten- 
sive porosity. Figure 2 shows isotherms for adsorption and desorption of CC vapor on samples of chromium hy- 
droxide gel, and adsorption isotherms for samples 1 and 2 precipitated at -10, 19, and 50°, They differ sharply 
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TABLE 2 


Specific Surface, Rate Constant of Diacetone Alcohol Formation, and Pore-Size 
Characteristics of the Samples 


23 Se Ee aS eS en es ORES ae 
Fe(OH);* | Specific [Rate Pore volume, cc/ eee Eee ee Cah pga pe a 
saints surface, constant X | 
P m 2/g x 104 total | fine intermediate 
1_10° 200 5,04 0,1738 0, 1640 0 ,0098 
119° 64 1,98 0, 1167 0, 1020 0 ‘0147 
150° 189 3,74 0, 1944 0. 1800 0) 0114 
2_30° 197 8\20 0. 2193 0! ,1350 0 0783 
219° 145 5,66 0, 1686 0. 1160 0 0300 
250° 153 6,03 0,1807 0, 1800 — 
3 9 0,06 
4 140 2,03 0, 1470 0 1000 0, 0470 


“The numbers correspond to the preparation methods, The subscripts repre- 
sent the temperatures at which the samples were prepared. 


TABLE 3 in appearance from the isotherms for ferric hydroxide, 
and may be classified as belonging to the fourth type 
[31], i.e., isotherms characteristic of adsorbents with - 
mixed porosity, containing moderate and large pores 
in addition to fine pores, although the isotherms for 
Dye adsorp- samples 3 and 4 approach to the type characteristic 
tion, mg/g of coarsely-porous adsorbents, The adsorption iso- 
therms were used for calculating the specific surface 
by the BET method, and the pore sizes were esti- 
mated (Table 4). Since the samples of chromium 
hydroxide gel had relatively large specific surface 
and contained fine pores, we attempted to use them 
for synthesis of diacetone alcohol. It was found that 
diacetone alcohol is formed from acetone in presence 
of chromium hydroxide too, but, despite the fairly 
large specific surface, the reaction rate constant was 
lower than with the use of ferric hydroxide. This is 
evidently the consequence of specific catalytic activity. 


Contents of Moisture and soz” and Maximum Ad- 
sorption of Dye by Samples of Chromium Hydroxide 
Gel 


Moisture, | SO%™ 
%o content, % 


Cr(OH)s 
sample * 


*The numbers correspond to the preparation methods, 


It follows from Table 4 that, as with ferric hydroxide, the most active hydroxide is formed when ammonia 
solution is added rapidly to the salt solution at -10°, Similar results were obtained by other workers in studies 
of chromic oxide catalysts, prepared by the bisulfate melhod, used for catalytic oxidation of SO; [11]. 


Table 4 shows that increase of the precipitation temperature results in formation of less-porous hydroxides. 
This is seen especially clearly in the case of sample 2 (Fig. 2), the adsorption isotherm for which lies much lower 
at 50°, and the total pore volume is almost halved, 


Structure and adsorptive and catalytic activity of aluminum hydroxide. Analysis of the aluminum hydroxide 
samples es showed them to contain considerable amounts of SO;”. The tendency to formation of basic salts during 
precipitation of the hydroxide has been reported more than once [33, 34], Table 5 contains data on moisture 


content, SOZ” content, and maximum adsorption of dye for the aluminum hydroxide samples. 


Table 5 shows that the Al(OH)3 samples contained up to 35% of soz” ions. This is considerably more than 
was found in the hydroxides of chromium and iron. However, acidification of the medium during adsorption of 
Congo Red was not observed. Congo Red is adsorbed considerably less by aluminum hydroxide gel than by chro- 
mium hydroxide. The data on dye adsorption suggest that sample 4 contained most medium and large pores, 
whereas sample 2 contained fine pores, 
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Fig. 1. Isotherms for adsorption of CCl, vapor on Fe(OH)g samples: 
1, 2, and 4) samples prepared by methods 1, 2, and 4; 1_49°; 149° 
and 19° samples prepared by the first method at -10, 19, and 50°; 
2-10"» 249%» 259° Samples prepared by the second method at -10, 19, 
and 50°, 
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Fig. 2. Isotherms for adsorption of CCl, vapor on Cr(OH)s samples: 1, 2, 3, and 4) samples 
prepared by methods 1, 2, 3, and 4; 1-49°, 119°, 159° samples prepared by the first method at 
~10, 19, 50°; 2-19, 219%, 259? samples prepared by the second method at -10, 19, and 50°, 


Study of the structure of Al(OH)3 samples based on adsorption of CCl, vapor showed that the method of 
precipitation has a very strong influence on the structure of the hydroxide, Table 6 contains data on the specific 
surface and porosity of Al(OH), gel samples. 
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Fig. 3, Isotherms for adsorption of CCl, vapor on Al(OH) samples: 1, 2, 3 and 4) 
samples prepared by methods 1, 2, 3, and 4; 1-49", 119°, 159 samples prepared by the 
first method at -10, 19 and 50°; 2-10", 219°, 259° samples prepared by the second method 
at -10, 19, and 50°, 


TABLE 4 


Specific Surface, Rate Constant of Diacetone Alcohol Formation, and Pore-Size Char- 
acteristics of Chromium Hydroxide Samples 


Reactionrat¢ Specific Pore volume, cc/ g 


Pee Csonmant * ) gurtac|e, Ee a] ee] ne 
sample \* 10*4 m2/g total | fine ntermediatg coarse 


4-10° 2,24 54 0,1934 0,036 0,030 0,067 
19° 1,64 64 0,1934 - 0,030 0,060 0,103 
150° 2,16 45 0,1293 0,024 0,094 0,044 
210° 4,23 224 0,5310 0,130 0,320 0,080 
210° 4,20 200 0.5060 0,120 0,280 0,106 
D592 2,95 124 0.915 0,070 0,118 0,102 
3 2,86 168 0, 5000 0,012 0,310 0,060 
4 2,52 158 0,4441 0,100 0,295 0,049 


*The numbers correspond to the preparation methods, The subscripts represent the tem- 
peratures at which the samples were prepared. 


Table 6 shows that, in contrast to the results for ferric and chromium hydroxides, rapid precipitation of 
aluminum hydroxide does not give the most active samples, Sample 1 had the greatest pore volume and the 
greatest specific surface, Increase of the precipitation temperature has an especially strong effect on the struc- 
ture of the adsorbent (sample 1). 


On increase of the temperature to 50° the total pore volume ofsample 1 fell from 0.57 to 0.11 cc/g, whereas at 
19° the number of fine pores increased, so that the specific surface rose from 104 to 148 m*/g. As already 
noted, at 50° the total pore volume and the specific surface were considerably less, Change ot temperature did 
not have such a pronounced effect in the case of sample 2, This is clearly seen in Fig. 3, which shows isotherms 
for adsorption and desorption of CCl, vapor; they are different in form for each sample. Whereas the isotherm 
for sample 1 can be classified with adsorbents of the second type (coarsely porous) [31], samples 2 and 3 occupy 
an intermediate position between the second and third types, while the isotherm for sample 4 is characteristic 
of samples with mixed porosity (the fourth type). The shape of the hysteresis loop in the isotherm of sample 2 
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TABLE'5 is striking, The whole isotherm resembles the isotherms 
obtained by Zhdanov [35] for adsorption of water vapor 


eee Aas gees Mea ta Cd at by porous glasses of a peculiar structure, described as 
oe oe eee the bottle type. If open pores are of cylindrical or 
Auowy, | Motstkre or Die sausou nearly cylindrical shape, the ieHoxding relationship 
; * | content, should be valid: (P/Ps)geg<(P/Ps) ads: In Zhdanov’s 
ie P %o tion, mg/g view, if poresof the bottle type are present, in which 


the radius of the wide part is greater than 2r, the follow- 

ing relationship should hold: (P/Pg)geg < (P/Pg ads: 

The hysteresis loop should then be anomalously wide. 

Examination of the isotherms for adsorption of CCl, 

vapor on samples 2/ -49°) and 2(;g) showed that in the 

relative -pressure range of 0.5-0.6 for sample,2/ ~19°) and 
0.6-0.75 for sample 219°) sthe relationship (P/Ps)ges < 
eat. d < (P/Ps)'ads is valid. In this range of relative pressures 
Ser ce pou ee Pepanelion pores from 40-60 A and 45-75 A are filled. It may be 
ed ed assumed that in this case the pores are bottle-shaped. 
Calculations of the effective pore radius from the de- 
sorption branch of the isotherm give 20 A for sample 2/-y9*) and 10 A for sample 2(49°)s which apparently corre- 
sponds to the narrow necks of the bottle-shaped pores. The presence of bottle-shaped pores in sample 2 is con- 

. firmed by adsorption data for Congo Red, Sample 2 has the lowest adsorption of this dye. Evidently the narrow 
necks of the bottle-shaped pores are too small for the large dye particles to penetrate. Our samples also proved 
inactive as catalysts in condensation of acetone to diacetone alcohol, although it has been reported that di- 
acetone alcohol is formed during prolonged contact of acetone with active alumina [36]. The absence of catalytic 
activity is evidence againsta microporous structure in the aluminum hydroxide gel samples. 


Electron-microscopic investigation of the samples, Electron micrographs of our samples were taken in 
order to obtain a clearer idea of the structure of the ferric, chromium, and aluminum hydroxide gels. For this 
drops of very dilute suspensions of the samples were placed on nitrocellulose films, The dried specimens were 
then examined in the electron microscope. Unfortunately, we were only able to obtain relatively low magnifi- 
cations of 7000-11,000 X, It was foundthatmany samples had a system of open macropores of 500 A and over in 
size; most of the pores were at the edges of the particles, Micrographs 1, 2, and 3 show particles of ferric hy- 
droxide gel (samples 1, 2, and 3) at 7000 x magnification. Micrograph 1 shows that particles of sample 1 had fairly 
humerous open pores between 170 and 500 A in radius; sample 2 (micrograph 2) had pores between 140 and 250 A, 
and finally, the particles in sample 3 were compact and quite lacking in large pores, As has already been shown, 
the effective pore radius of the ferric hydroxide gel specimens does not exceed 20 A, and even if these pores 
were open we could not observe them at the magnification used, 


CAB GEG 


Specific Surface and Porosity Characteristics of Samples of Al(OH), Gel 


Specific Pore volume, cc/ 
ALOE) ates : 
sample a g total | fine intermediate] coarse 

spares 104 0,5793 00750 03500 0,1780 
1490 148 (), 3616 0, 1100 0), 2500 0,0016 
Lea 33 0,1158 0,070 0,0845 00243 
2 ae 95 0, 2122 0,0800 0,0700 0, 0622 
ae 121 0,1834 0 ,0700 0,0960 0,0174 
259° 104 0), 2239 0 ,09400 0, 0860 00439 
3 54 0,0868 (0380 0,0320 0,0168 
4 55 0, 2896 0, 0180 0, 1080 0.1816 


“The numbers correspond to the preparation methods, The subscripts repre- 
sent the temperature at which the samples were prepared, 
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Fig. 4, Electron micrographs: 1) sample 1 Fe(OH)s ( X7000); 
2) sample 2 Fe(OH) X7000); 3) sample 3 Fe(OH), X7000); 

4) sample 1 Cr(OH)g (X11000); 5) sample 2 Cr(OH)s ( x10000); 
6) sample 1 Al(OH)g ( X11000); 7) sample 2 Al(OH)g, ( X7000). 


Figure 4 shows sample 1 of chromium hydroxide gel (micrograph 4) at X11,000 magnification. Pores with 
radii from 200 to 450 A can be clearly seen. Sample 2 of the same gel is shown in micrograph 5. This sample 
was very porous, with pore radii from 50 to 250 A. Sample 1 of aluminum hydroxide gel (micrograph 2) had 
numerous larger pores, with many open pores from 50 to 500 A in size, This confirms that its structure is coarsely 
porous, as was found from the form of its isotherm. Sample 2 of Al(OH)s gel was compact, with only very large 
pores,greater than 500 A in radius,visible (micrograph 7). If, as we believe, this sample had bottle-shaped pores, 
the narrow necks of the pores are invisible at X7000 magnification even if the pores were open. 


Thus the electron micrographs confirm our experimental data on the structure of ferric, chromium, and 
aluminum hydroxide gels. 
SUMMARY 


1. The sequence and the rate at which the solutions are mixed and the temperature have significant 
effects on the structure and the adsorptive and catalytic properties of hydroxides, 


2. In the case of ferric and chromium hydroxides the samples formed by rapid addition of ammonia solu- 
tion to ferric or chromium sulfate at -10° are the most active. 
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3, All the hydroxide samples studied differed from each other in structure. Ferric hydroxide was uniformly 
microporous; chromic hydroxide had mixed porosity. The form of the isotherms is not changed sharply if the se- 
quence and rate of precipitation are varied, In the case of aluminum hydroxide the form of the isotherms varies 
in accordance with the sequence and rate of precipitation: sample 1 gives isotherms of the 2nd type (characteristic 
of coarsely-porous adsorbents), samples 2 and 3 give isotherms of a type intermediate between those characteristic 
of coarsely-porous and microporous adsorbents, and sample 4 gives isotherms characteristic of adsorbents with 
mixed porosity. 


4, Chromium and ferric hydroxides were used for the first time as catalysts for synthesis of diacetone alco- 

hol from acetone. 
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PREPARATION OF MIXED ALUMINUM HYDROXIDE AND HYDROXY- 
SULFATE FILMS AND INVESTIGATION OF THEIR STRUCT URE 


I, A. Istomina, Z, Ya. Berestneva, and V. A. Kargin 


The L, Ya, Karpov Physicochemical Institute, Moscow 


It is known that metal sulfides and hydroxides obtained in the form of films on the surfaces of their salts 
are used as stabilizers for emulsion systems consisting of various oils and water. Mixed films of aluminum 
hydroxide and hydroxysulfate are more indifferent than films of other compounds, and may be widely used as 
stabilizers for emulsions, 


There are several papers dealing with preparation of metal sulfide and hydroxide films [1-3], However, 
the methods described are suitable only for preparation of small amounts of films for laboratory research work. 


The aim of the present investigation was to find a more productive method for preparation of mixed alu- 
minum oxide and hydroxysulfate films and to investigate their structure. 


For preparation of the films an apparatus was devised (Fig. 1) consisting of a drum 1 rotating on a shaft, 
enclosed in a hermetic chamber 2. In the upper part of the chamber there is a slot 3 through which the surface 
of the rotating drum is uniformly moistened with salt solution, A mixture of ammonia and air, formed by the 
passage of a current of air through ammonia solution, is blown into the lower part of the chamber through the 
tube 4 by means of a fan. The spent mixture of ammonia and air is drawn out by the same fan through the 
tube 5 in the upper part of the chamber and passes to a vessel containing ammonia solution; there it is enriched 
with ammonia, and after passing through a cleaning chamber it returns to the apparatus. 


A mixed film of aluminum hydroxide and hydroxysulfate is formed on the drum surface when the salt 
solution reacts with the ammonia which is fed into the chamber. The film is removed from the drum surface 
by the scraper 6 and falls to the chamber floor 7. 


Potash alum, ammonium alum, and aluminum sulfate may be used as the aluminum salts for film prepara - 
tion. Experiments showed that the yield of film depends on the concentration of the salt solution. 


Of the above-named salts,aluminum sulfate has the highest solubility. Therefore its solutions are the most 
suitable for preparation of mixed films of aluminum hydroxide and hydroxysulfate. It was found by experience 
that 30% aluminum sulfate solution should be used for film preparation, as the productivity of the apparatus de- 
creases at lower concentrations, while the use of solutions of higher concentrations (close to saturation) proved 
inconvenient because temperature fluctuations caused precipitation of salt crystals, 


The films were separated from aluminum sulfate solution on a vacuum filter and washed with distilled 
water by repeated decantation followed by filtration, Washing may be accelerated by the use of hot distilled 
water (60-70°), when the consumption of distilled water is almost halved, 


The prepared films were examined in the electron microscope at X10,000-12,000 direct electron-optical 
magnification, and then studied by electron diffraction. 


Freshly prepared films washed either with hot water or water at room temperature present almost the same 
picture under the electron microscope. 
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Films made from dilute (1-3%) aluminum sulfate solu- 
SOCHOR og ater ae 2 ~ tions consist of globules joined into chains and small clusters 
eee es ws with large gaps between them (Fig. 2,2). 


In films made from concentrated (20-30%) solutions the 
globules are packed more closely (Fig. 2,3). 


The microphotographs show that the globular particles 
which constitute the films vary in density; some are darker 
and others lighter. This shows that the globular particles 
comprise mixtures of at least two substances differing in den- 
sity. The presence of a mixture of substances is also con- 
firmed by the fact that crystallization processes in the films 
are exceedingly slow. 


Whereas in pure aluminum hydroxide crystallization 
begins 1-2 days after preparation [4], aluminum hydroxide in 
film form remained amorphous after 4-4,5 months (Fig. 2,5). 


Fig. 1, Apparatus for preparation of alu- 


Apart f. luminum hydroxide, the films can contain 
minum hydroxide and hydroxysulfate films. iad ST ean tutes aim Cicp pee 


only aluminum hydroxysulfate, the solubility of which in 
water is very low. During preparation of the films formation 
of aluminum hydroxide does not penetrate right across the thickness of the layer of aluminum sulfate solution. 


During the first instant a very thin film of aluminum hydroxide, which prevents interaction of the compo- 
nents, is formed on the surface of the layer of aqueous aluminum sulfate solution, and further formation of alu- 
minum hydroxide is determined by diffusion processes only. Therefore,in the deeper regions the amount of am- 
monia is insufficient for formation of aluminum hydroxide. It was shown by one of us [5] that in this case alu- 
minum hydroxysulfate, which is sparingly soluble in water, is formed. Aluminum hydroxide is probably formed 
at the same time as the hydroxysulfate, so that mixed films of aluminum hydroxide and hydroxysulfate are obtained, 


If a mixture of aluminum hydroxide and hydroxysulfate is prepared in bulk, when 70-75% of the equivalent 
amount of aqueous ammonia is added to aqueous aluminum sulfate with vigorous stirring, a precipitate consisting 
of a mixture of aluminum hydroxide and hydroxysulfate is formed, However, it differs from the films in having 
a much looser structure. The presence of aluminum hydroxysulfate in the films can be confirmed by the follow- 
ing experiment: if a film of aluminum hydroxide is washed free of SO, ions, converted into an aqueous suspen- 
sion, and boiled for 10-15 minutes, and filtered, addition of barium chloride to the filtrate produces considerable 
turbidity. The turbidity indicates that barium sulfate is formed. Evidently when the suspension is boiled,hydroly- 
sis of aluminum hydroxysulfate takes place, 


If ammonia is added to an aqueous suspension of the film at room temperature, the film is converted into, 
thin, scarcely visible platelets which gradually disappear, and the liquid becomes opalescent, 


Films treated with ammonia appear as globular particles in the electron microscope (Fig. 3). In such cases 
crystallization is considerably slower than with pure aluminum hydroxide made by the usual method, but more 
rapid than with films. 


Electron-diffraction data indicate that crystallization of the particles begins about 4-5 weeks after prepara- 
tion. The probable explanation of the low rate of crystallization in this case is that not all the aluminum hydroxy~ 
sulfate is converted into hydroxide at room temperature, 


A similar result is obtained ff a mixture of aluminum hydroxide and hydroxysulfate is prepared in bulk, 


Thus, if a mixture of aluminum hydroxide and hydroxysulfate is prepared from aluminum sulfate in bulk, 
or if mixed films of aluminum hydroxide and hydroxysulfate are treated with ammonia, crystallization begins 
4-5 weeks after preparation. If, on the other hand, films of aluminum hydroxide and hydroxysulfate are prepared 
by the method described above,crystallization does not begin until 5-6 months have elapsed, The explanation 
is that a mixture of aluminum hydroxide and hydroxysulfate prepared by the film method has considerably 
greater density than a similar mixture prepared in bulk. Therefore, because of steric conditions, crystallization 
in films is slow, 
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Fig. 2. Microphotographs (2, 3, 5): 2) of films made from dilute (1-3%) 
aluminum sulfate solution; 3) same, from concentrated (20-30%) solution; 
5) aluminum hydroxide made by dissolution of the films in ammonia. 


Fig. 3. Electron diffraction pattern (4) of a film 
made from aluminum sulfate solution. 


A mixture of aluminum hydroxide and hydroxy- 
sulfate, prepared either in bulk or by the film method, 
may be used as emulsifier in preparation of oil — water 
emulsions, However, it is better to use a mixture of 
aluminum hydroxide and hydroxysulfate prepared in film 
form, as a denser precipitate, which can be washed free 
from salts much more easily and rapidly, is obtained in 
this way. 


SUMMARY 


1. A method has been worked out for preparation 
of mixed films of aluminum hydroxide and hydroxysulfate, 
which stabilize oil — water emulsions. 


2. It was shown by electron microscopy and elec~ 
tron diffraction that the freshly~prepared films consist 
of globular particles grouped in chains. Crystallization 
in films occurs 5-6 months after preparation, 


555 


LITERATURE CITED 
[1] S. G. Mokrushin, Zhur. Fiz. Khim, 5, 1082 (1934). 
[2] M. Faraday, Phil. Trans, 147, 154 (1857). 
[3] N. G, Koltashev, Kolloid, Zhur, 7, 23 (1941). 


[4] Z. Ya, Berestneva, G. A. Koretskaya, and V. A. Kargin, Kolloid., Zhur. 13, 323 (1951). ; 


(5) V. A. Kargin, M. E. Shishniashvili, and A. L, Batsanadze, Zhur, Fiz. Khim. 2i, 391 (1947). 


* Original Russian pagination, See C, B, Translation. 


556 


Received March 21, 1959 


ANALYSIS OF THE FORMS OF BONDING OF WATER BY CLAYS AND SOILS 
BY MEANS OF DRYING THERMOGRAMS 


M..F. Kazanskit 


The A, M, Gor’kii Pedagogic Institute, Kiev, Laboratory of Molecular Physics 


Our earlier investigations demonstrated that the forms of bonding of water by artificial adsorbents (silica 
gels and activated carbon) [1, 2] and certain natural sorbents (Pobiyankov and Pyzh bentonites) [3] can be analy~ 
zed by studies of their drying kinetics with the aid of drying thermograms and weight~loss curves obtained by 
means of a simultaneous recording apparatus [3]. 


This paper contains the results of a study of the hydrophilic properties of clays containing different minerals, 
and of certain types of soils, The materials chosen for the investigation comprised five clays: Zhabye, Pobiyankov, 
and Pyzh bentonites, containing up to 99% montmorillonite, Chasov Yar clay, containing 90.5% monothermite, 
and a kaolin polymineral clay from Poltava [4]. Four soils were also investigated: a turfy weakly podzolized 
gley soil of a sandy loam composition, a chernozem meadow solonetz soil, thick low-humus chernozem of a dusty 
moderate loam composition, and a turfy weakly podzolized soil of a sandy light loam composition. 


The clay samples were kindly supplied by the Laboratory of Clay Minerals of the Institute of General and 
Inorganic Chemistry, Academy of Sciences Ukrainian SSR, where their physicochemical and colloidophysical pro- 
perties have been studied for a number of years [4]. The soils are typical samples of soils from the Rzhishchev 
region of the Kiev province of the Ukrainian SSR; the soils were analyzed and classified by type in the Depart~ 
ment of Pedology of the Kiev Pedagogic Institute, 


In accordance with the method described earlier [3] for analysis of the forms of bonding of moisture by 
adsorbents, thin (not greater than 1 mm thick) samples of the clays and soils were first humidified to their total 
moisture capacity and then dried; the temperature of the surrounding air was constant in each experiment but 
differed in different experiments, The drying-kinetics curves — thermograms and drying curves — were recorded 
automatically during the drying. 

Typical thermograms and drying curves of the clays and soils are given in Fig. 1-3. Each thermogram is 
recorded in terms of the temperature difference between the dried sample and the surrounding air. It therefore 
indicates how much lower the temperature of the dried sample is below the constant temperature of the surround~ 
ing air at any given instant, 


It is clear from Fig. 1-3 that, regardless of the temperature, the drying thermograms of clays and soils 
retain the general form typical for drying thermograms of colloidal capillary-porous bodies [5]. In each ther~ 
mogram three critical points may be distinguished; these divide the thermogram and therefore the whole drying 
period of a clay or soil into four regions. 


The first region, which is the initial horizontal portion of the thermogram and ends at the first critical 
point b, corresponds to the period of drying at constant temperature of the drying sample, During this period 
capillary~porous bodies lose osmotic moisture which evaporates from their water-saturated surfaces [5, 6), On 
the drying curve this period is represented by a portion of linear rate of weight loss, indicating that drying pro~ . 
ceeds at a constant rate. 


The region of the thermogram beyond the first critical point is a convex curve terminating at the second 
critical point c, past which the thermogram passes into a sloping straight line. Beyond the third critical point 
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Fig, 1. Thermograms (13) and drying 
curves (1'~3") of Chasov Yar clay at 
temperatures: 1 and 1’) 71,0°; 2 and 2") 
61.2°; 3 and 3°) 35.0°, 


T[min} /60 120 80 40 


Fig. 3. Thermograms (1~3) and drying 
curves (1'-3’) of turfy gley soil at tem- 
peratures: 1 and 1’) 98,0°; 2 and 2") 
61.5°; 3 and 3°) 41.0°, 


T [min] 330 270 210 150 90 3G 


Fig. 2, Thermograms (1~3) and drying 
curves (1'-3") of Pobiyankov bentonite at 
temperatures: 1 and 1") 81.0°; 2 and 2’) 
54.0°; 3 and 3°) 40.2°, 


the thermogram becomes a concave curve. In accordance 
with the theory of drying [6] and experimental data [5], 
when thin samples of colloidal capillary~porous bodies 
are dried,hygroscopic moisture is removed, starting from 
the first critical point b, at a relative water-vapor pres~ 
sure less than unity in the surrounding air. The convex 
portion of the thermogram, between the first and second 
critical points, corresponds to removal of capillary 
moisture from pores less than 1075 cm in radius, Between 
the second and third critical points loosely-bound mois- 
ture adsorbed in the multimolecular layers is removed, 
and then, past the third critical point, moisture which is 
most firmly bound to the solid phase in clays and soils 

is removed — adsorbed moisture from the monomolecular 
layers. 


The schematic diagram in Fig. 4 represents the 
different stages in the drying of thin samples of colloi~ 
dal capillary~porous bodies in relation to different forms 
and bonding types of the water removed. By projection 
of each critical point on the thermogram onto the drying 
curve recorded simultaneously during the same experi- 
ment it is possible to determine the amount of water of 
a particular bonding type. 


This schematic representation of stages in the drying process is satisfactorily confirmed by comparison of 
the moisture contents of clays and soils found from the values of the critical points and by other independent 
methods (see table), and by the general kinetics of heat and mass transfer during drying of colloidal capillary~ 


porous bodies [6]. 


The suggested method of analysis of the forms of bonding of water was used for determining the influence 
of temperature on the hydrophilic properties of clays and soils, For this, the moisture contents and temperatures 
of all the clay and soil samples were determined at the second critical point on the thermograms (recorded at 
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Differential Moisture Contents of the Investigated Clays and Soils (as % of the dry substance at 20-25°) 


Hygroscopic 
moisture, % 


— —_ 


Adsorbed moisture, from results of determinations 
by different methods, % 


Material studied ae eae : ‘So er 9) v M : ws f 

ba a2 | 4 Se le lg | ee le 8 

82 B88] 8 Boge | 8 a8 | 388 

Zhabye bentonite 41.4 42.5 21,2 21.9 14,9 

Pyzl bentonite 28.8 31.0 20.0 21.4 14.0 

Pebiyankov bentonite | 30.1 31.5 19.5 21.6 14.5 

Chasov Yar clay 16.0 14.8 6.4 6.8 3.9 

Poltava clay 17,1 18.0 6.8 6.5 7.0 6.6 6.0 3.8 

Soils 

Turfy gley 13.5 13.0 S.4=20,08 0 = Ot =T.0 8.7 8.0 5.0 

Meadow chernozem 8.9 10.7 7.3°7.5 a 5.4-5.0 | 6.3 5.8 3.8 

Thick chernozem 6.8 8.7 5.8-6,1 se 4,5-3.4 | 4.9 5.2 2.8 
Turfy, weakly 

podzolic 6.0 7.0 Ca te A |g 3.5-2.6 | 3.6 3.3 1.8 
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Fig. 5. Amounts of water held by adsorp- 
tion by clays and soils at different tempera~ 
tures: 1) Pobiyankov bentonite; 2) Pyzh 


Fig. 4, Line diagram representing kinetics of 
consecutive removal of moisture of different 
forms and bonding types during drying of thin 
samples of colloidal capillary-porous bodies. 


bentonite; 3) Chasov Yar clay; 4) Poltava 
clay; 5) turfy gley soil; 6) chernozem 
meadow soil; 7) thick chernozem; 8) turfy 
weakly podzolic soil, 


different drying temperatures). Naturally, the higher the temperature of drying the higher was the temperature 
of the drying sample at the given critical point. 


The moisture contents of the samples were determined from the drying curves, and the temperatures were 
found from the thermograms and the temperatures of the surrounding air. These data were used to plot Fig. 5, 
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which shows the effect of the temperature of the drying samples on the moisture contents of clays and soils at 
the critical point of the thermogram. Since the moisture content at the critical point is equal to the total amount 
of moisture held by adsorption, this graph also show how the hydrophilic property of the clays and soils depends 
on the temperature, The total amount of moisture held by adsorption in clays and soils remains constant over 
the 25-100° temperature range. This is in good agreement with the results of Ovcharenko's experiments [4] which 
showed that the heats of wetting of the clays used are also independent of the temperature. 

SUMMARY 


1. Curves of drying kinetics (thermograms and drying curves for thin samples) were used to analyze the 
water-holding properties of clays and soils in relation to different forms of moisture. 


2. The results obtained by this method agree, within the limits of experimental error, with results given 
by other mutually independent methods, 


3. Analysis of drying thermograms for different temperatures of the surrounding air showed that the total 
amount of moisture adsorbed by clays and soils is independent of their temperature. 
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INFRARED ABSORPTION SPECTRA AND STRUCTURE OF THE 


HYDROXYL LAYERS ON SILICAS OF DIFFERENT DEGREES OF HYDRATION 


A. V. Kiselev and V. I. Lygin 


The M. V. Lomonosov University, Moscow, Faculty of Chemistry, Adsorption Laboratory 


A knowledge of the characteristics of chemical surface structure of many highly~-disperse substances, 
including silicas, is needed for understanding of their adsorption and catalytic properties and for regulated chem~ 
ical modification of their surfaces, 


A series of researches in our laboratory and also carried out by S, P. Zhdanov demonstrated the considerable 
influence of the degree of dehydration of silica surfaces on their adsorption properties, not only in relation to 
polar substances containing hydroxyl groups [1-8], but also to aromatic and unsaturated hydrocarbons [4, 5, 8-14] 
and nitrogen [15], the molecules of which are nonpolar as a whole but have sharply nonuniform charge distribu- 
tion [14]. Studies of these effects by adsorption methods only are not sufficient; they must be augmented by 
investigations of isotope exchange, spectroscopy, and studies of nuclear magnetic resonance. Such multiple 
approach to studies of the chemistry of surfaces is important in relation to chemical modification of adsorbent 
and catalyst surfaces [16, 17]. 


It is known that silica gel which has been dried and heated under vacuum at temperatures up to 150-200° 
contains up to 5-6% of chemically bound hydroxyl groups [18, 19]. The existence of surface hydroxyl groups 
has also been detected spectroscopically [20]. The spectra of porous glass [21-25], silica gel [26], aerogel [27], 
and Aerosil [28] indicate the presence of hydroxyl groups, the absorption band for the valence oscillations of 
which is shifted slightly relatively to the absorption band for water vapor. The narrowness of the absorption 
band and its shift under the influence of even weakly~adsorbed substances [20, 28, 29] led to the conclusion 
that the hydroxyl groups, isolated from each other, are "freely" disposed over the surface of the silicon— oxygen 
skeleton [21, 22, 28}. However, this conclusion refers to specimens the hydroxyl coating of which has been con-~- 
siderably impoverished as the result of vacuum treatment at 450-500° [22-27],or because of the method used 
for preparation of the silica [28]. None of the spectroscopic publications contain any information on the surface 
concentration of the hydroxyl groups and the adsorption properties of the specimens, and the question of the state 
of the hydroxyl groups on the surface is answered on the basis of studies of their valence oscillations only. It is 
therefore of interest to study the infrared spectra of silicas with known surface hydroxyl concentrations, and to 
correlate the results with the adsorption properties, 


Silica gel KSK~2, studied previously by adsorption methods [6, 8, 11], was taken for this investigation. 
The structural characteristics and degree of surface hydration of this silica gel, as found in the earlier studies, 
are presented in Table 1. 


For the spectroscopic studies the silica gel was prepared in the form of a fine powder by sedimentation 
from an aqueous medium, A thin layer of the powder was spread uniformly between two NaCl plates and placed 
in a vacuum optical cell, similar to that described earlier [22], consisting of a sealed glass tube with NaCl 
windows attached by means of shellac adhesive. For heat treatment of the specimen the cell was connected to 
vacuum and the specimen was moved to its sealed end. For determination of the spectrum the specimen was 
moved to the end of the cell with windows, the cell was disconnected from the vacuum source, and fixed in front 
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TABLE 1 


Structural Characteristics and Degree of Hydration of Silica Gel 
Surface 


Surface 
hydroxy] 
groups, 
umoles/m? 


Average dis- 
tance between 
hydroxyls, A 


Evacuation 
tempera- 
ture, (°C) 


Specific 
surface, 


3800 3600 3400 3200 3000 2800 1600 1400 1200 000 6b0¢cm 


Fig. 1. Infrared absorption spectra of silica gel with surface OH groups, after ad+ 
sorption of water at p/p,#0.6 (1), and after evacuation for 4 hours at 20° (2), at 
200° (3), and at 300°, (4): a) with LiF prism; b) with NaCl prism. 


2800 2600 72400 2200 2000 1600 1400 (200 1000 800 cm} 


Fig. 2. Infrared absorption spectra of silica gel containing surface OD groups, after 
adsorption of D,O at p/p, 0.6 (1); after evacuation for 4 hours at 20° (2); at 300° 
(4): a) with LiF prism; b) with NaCl prism. 


of the spectrometer slit. The specimens were evacuated for four hours at 1075 mm pressure in the cell, water 
vapor being frozen out by liquid nitrogen” . 


The surface was deuterated by repeated filling of the cell with D,O vapor and evacuation at 300°. The 
degree of substitution of OH by OD was estimated spectroscopically. Single-beam infrared spectrometers, type 
IKS~-11 and IKS~12,with LiF prisms for the 3800-1800 cm™! region and NaCl prisms for the 1800-700 cm™! region 


“Heat treatment above 300° was not possible with the use of NaCl plates for fixing the silica gel powder, because 
appreciable evaporation of NaCl begins at 350°, 
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were used, To prevent absorption of atmospheric 


(uieig ale | lal: iil waaay ae Cau ' 
Now Neer ne Nh eA hae moisture, nitrogen dried by phosphorus pentoxide was 
ey ie) h e. blown through the jacket of the monochromator and 
a ees My H 5 lamp. Powdered silica gel strongly scatters infrared 
| ha pa | B Ce | radiation, so that transmission in the 3700 cm region 
ai n : n was less than 30%, 


H 
be H b Figures 1 and 2 show the absorption spectra of the 
\ original and deuterated silica gel after different vacuum 


{ a me treatments, 


- it A broad absorption band with a maximum at 
~3400 cm™! is found in the region of valence oscillations 
Fig. 3. Adsorption of water on surface hydroxyl of hydroxyl groups of the spectrum of the original silica 
groups of silica gel: I) bond with two OH groups; gel which adsorbed water at p/ Ps ¥ 0.6(Fig.1,a, curve 1), 
I!) bond with one OH group; A) surface groups Vacuum treatment at 20° for one hour results in a con- 
of silica gel, B) complex of n associated mole- siderable decrease of absorption in the long-wave region 
cules of adsorbed water; C) end molecules of on the band and in the appearance of a narrow band at 
this complex. 3749 cm“! (Fig. 1,a, curve 2). Vacuum treatment at 


200° increases the intensity of the 3749 cm=1 band and 
leads to the appearance of a band with a maximum at 
~3660 cm~! (Fig. 1,a, curve 3). A narrow band at 

3749 cm™ with asymmetric absorption in the long-wave 
direction remains in the spectrum of silica gel treated 
under vacuum at 300° (Fig. 1,a, curve 4). 


An intensive band with a maximum at 1640 cm 


(Fig. 1,b, curve 1) is observed in the region of deforma- 
tion oscillations of the hydroxyl groups in the spectrum 
of silica gel after adsorption of water at p/p, ~ 0.6. 
After vacuum treatment at 20° the intensity of this band 
decreases considerably (Fig. 1,b, curve 2). After vacuum 
treatment at 200° only traces of absorption remain in. 
this region (Fig. 1,b, curve 3). 


Vacuum treatment of silica gel produces con- 
siderable changes in the 900-1000 cm“! region. The 
diffuse band at 950 cm! observed in the spectrum of 
silica gel which adsorbed water at p/p, «0.6 diminishes 
in intensity after vacuum treatment at 20° and 200°, and 
the absorption maximum is shifted to 970 cm“! (Fig. 1,b, 
curves 1~3). 


Fig. 4. Schematic structure of a globule of 
silica gel (free from adsorbed water mole~ 
cules) with a surface layer of free and associ- 
ated (joined by a dash line) hydroxyl groups. 


As in the case of the deuterium exchange studied earlier [22, 23], threefold treatment with D2,O vapor 
with subsequent evacuation at 300° eliminates absorption in the region of valence oscillations of the OH groups 
(3749 cm“) and leads to the appearance of a band at 2761 em corresponding to valence oscillations of OD 
groups (Fig. 2,a). Changes in the spectrum of valence oscillations of hydroxyl groups in deuterated silica gel 
are of the same nature as in the original silica gel. The spectrum of deuterated silica gel after adsorption of 
DO vapor at p/p, = 0.6 has a broad band with a maximum at ~2550 cm “l (Fig. 2,a, curve 1), Evacuation at 
20° diminishes absorption considerably and leaves two broad overlapping bands at 2550 and 2660 cm™ (Fig. 2,a, 
curve 2). A narrow band appears simultaneously at 2761 cm™!, The spectrum of valence oscillations of deuterated 
silica gel treated in vacuum at 300° (Fig. 2,a, curve 4) contains only an intense narrow band at 2761 cm™ with 
asymmetric absorption in the long-wave direction. 


The spectra of the original (Fig. 1,b, curve 1) and deuterated (Fig. 2,b, curve 1) specimens also contain 
a broad band at 1000-1200 cm™ and a band at 785 cm~1, observed in the spectra of quartz and ascribed to 
oscillations of the silicon—oxygen framework [30]. The absorption band of deformation oscillations of D,O 
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TABLE 2 molecules at ~1220 cm~! [311 in the spectrum of 
deuterated silica gel is superposed on the broad absorp~ 
tion band of the silicon — oxygen framework at 1000-1200 
cm! and does not appear in the spectrum (Fig. 2,b, 


Characteristics of OH and OD Groups 


— “. 


a lie 2 curve 1). The 950 cm“ absorption band in the spectrum 
eee “ . of deuterated silica gel (Fig. 2,b, curve 1) does not differ 
oe. significantly from the corresponding band for the original 
ili 1 (Fig. 1,b, curve 1). 
1325 3921 | 0.022 silica gel (Fig curve 1) 


5431 2852 | 0.016 ae cde aed bands due to OH and OD valence 

: vibrations seen in Fig, 1,a and 2,a (curve 1) are the 

result of absorption by disturbed hydroxyl groups of water 

molecules and structural hydroxyl groups of silica gel in surface complexes of types I and II (Fig. 3). In the 
spectrum of silica gel which adsorbed water at high p/p,, absorption is due mainly to hydroxyl groups of water 
molecules (Fig. 3) linked by hydrogen bonds and giving a broad band with a maximum at 3400 cm“t, Evacua~ 
tion at 20° removes most of the adsorbed water. If the evacuation is not too prolonged, structural hydroxyl groups 
of type A and a part of the water molecules adsorbed on the hydroxyl groups remain on the surface (Fig. 3). The 
appearance of a distinct band due to free OH groups at 3749 cm~ (Fig. 1,a, curve 2) and at 2761 cm! (Fig. 2,a, 
curve 2) in the spectrum of silica gel evacuated at 20° apparently indicates that adsorbed water has been re~ 
moved from most of the surface hydroxyl groups on the silica gel, Evacuation at 200 and 300° leads to libera~ 
tion of even more surface hydroxyl groups. However, some residual absorption can still be observed in direct 
proximity to the narrow band due to free hydroxyls in the spectrum of silica gel treated at 200 and 300°(Fig. 1,a, 
curves 3 and 4, and Fig. 2,a, curve 4). 


It was also reported earlier [21] that increase of the treatment temperature of porous glass leads not only 
to a change of intensity but also to narrowing of the absorption band due to valence oscillations of hydroxyl 
groups in the region of higher harmonics, In the fundamental region of the spectrum of valence oscillations of 
the hydroxyl groups,absorption was observed in the 3660 cm*! region in addition to a narrow absorption band at 
3749 cm™! even after evacuation at 450° [23]. The diffuse character of the absorption band for valence oscilla~ 
tions of hydroxyl groups in porous glass at moderate temperatures of vacuum treatment (up to 300°) was observed 
in more distinct form in another investigation [32]. 


It must be emphasized that this absorption in the long-wave region of the spectrum of valence oscillations 
of hydroxyl groups in silicas treated under vacuum at temperatures above 200° cannot be attributed to absorption 
by water molecules remaining on the surface, since thermal analysis [33, 34], data on heats of wetting [18], and . 
dehydration kinetics [7] all indicate that adsorbed water is removed below 200°. The almost total absence of 
absorption in the region of deformation oscillations of hydroxyl groups of adsorbed water on silica gel evacuated 
at 200° (Fig. 1,b, curve 3) also indicates that adsorbed water is completely removed. 


The observed form and position of the absorption band may help to reveal the structural characteristics 
of the hydroxyl layer on silicas, since the position of the band depends on the geometrical arrangement and 
mutual interaction of the hydroxyl groups [35]. To interpret the observed spectral data it is necessary to know 
the concentration of hydroxyl groups on the silicas and their geometrical arrangement on the surface. Whereas 
quantitative data on the average concentration of surface hydroxyl groups may be obtained from the loss of 
weight on calcination or from data on deuterium exchange, the local distribution of the hydroxyl groups over 
the surface remains uncertain in most cases, Because of the amorphous character of the investigated silicas the 
structure of the hydroxyl layer is determined by the disordered packing of the silicon — oxygen tetrahedrons and 
therefore to a considerable extent by the random orientation of the corners and edges of the surface silicon — 
oxygen tetrahedrons carrying the hydroxyl groups. Table 1 shows that the average distance between hydroxyl 
groups in hydrated silica gel is ~4A, The disordered distribution leads to appearance of hydroxyl groups at 
shorter distances apart, which may be <3A. Analysis of possible bond ruptures on the cleavage planes of quartz 
[36] also indicates that such closely adjacent hydroxyl groups exist in the surface layer, Numerous examples are 
known of formation of hydrogen bonds and the consequent shift of the absorption bands of hydroxyl groups at dis~ 
tances of <3A apart [35, 37]. Intramolecular hydrogen bonds may be formed between neighboring hydroxyls of 
the same molecule if these hydroxyls are suitably oriented and are at a distance favorable for bond formation 
[38]. 
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On these grounds, and in accordance with Terenin's interpretation [20], we attributed the narrow bands ob- 
served in the spectra of valence oscillations of hydroxyl groups (in silicas which are still fully hydrated but al- 


ready devoid of adsorbed water) to hydroxyl groups which are fairly far apart and do not interact with each other 
(24, 13}. 


In our opinion, absorption in the longer-wave region of the spectrum of valence oscillations of structural 
hydroxyl groups is due to hydroxyl groups in close proximity, which influence each other (24, 25]. The observed 
shift of absorption due to interaction of surface hydroxyl groups (~100 cm~) is not large in comparison with the 
shift caused by hydrogen bonding in liquid (325 cm~) [39] or solid (450 cml) [40] silanols. This indicates that 
the mutual influence of some of the hydroxyl groups is weaker than in the formation of strong hydrogen bonds; 
this suggests rather the formation of intramolecular hydrogen bonds similar to the intramolecular bonds in hy~ 
droxylic organic compounds [38]. The formation of stable hydrogen bonds is evidently prevented by the rigid 


surface orientation of the hydroxyl groups and by the fact that on the average they are fairly far apart. The 
scheme below 


Oll Oll OU 


represents the most probable hydroxyl groupings (I) and (IL) on the surface of strongly-hydrated silica [4, 13}. It 
seems that interaction occurs between hydroxyls of type (II) groupings and between neighboring hydroxyls of 
type (I) and (II) groupings, since the spatial orientation of these hydroxyls is the most favorable for this, On the 
surfaces of silica gel globules, observed in the electron microscope [41] and represented schematically in Fig. 4, 
various combinations of these groupings can probably arise, with formation of intramolecular hydrogen bonds 
between some of their hydroxyls. 


It is believed that a shift of the absorption band of hydroxyl groups into the short-wave region is evidence 
of bond weakening [42]. It is natural to suppose that dehydration is accompanied in the first instance by joining 
of such closely~situated hydroxyl groups of type (II) and (I) + (II), so that scattered and more uniformly distri- 
buted hydroxyl groups of type (I) will in the main be left on the surface, This form of dehydration corresponds 
to the observed decrease of absorption in the long-wave region, so that the spectra of silicas treated in vacuum 
above 200° retain only a narrow absorption band due to these "free" hydroxyl groups. The presence of groups 
of type (I) only:on the surface of silica after heat treatment has been reported elsewhere [19]. Table 1 shows 
that the average distance between the hydroxyl groups increases with increase of the temperature of vacuum 
treatment, and becomes >5A, even at 400°; this is considerably greater than the distance favorable for hydrogen 
bonding. 


The concept of "free" hydroxyl groups as anharmonic oscillators [20] is useful for interpretation of the 
spectral characteristics caused by interaction of surface hydroxyl groups with adsorbed molecules. The oscilla- 
tion frequency (w) and anharmonicity coefficient (x) of such oscillators may be calculated in accordance with 
the classical theory [43] from the fundamental oscillation frequencies v of the hydroxyl group (0 — 1 transition) 
and its 2v harmonic (0 — 2 transition) (Table 2). 


w fo 
The frequency ratio found from the reduced masses ( i) of the oscillators — =_ |/ 
: OD 


Pop 
= 1,374 
MoH 


is very close to the value found from the data in Table 2 (1.3785). 


Conclusions as to the structure of the hydroxyl layer are usually based on analysis of the absorption band 
for valence oscillations of hydroxyl groups, Additional information on the state of surface hydroxyl groups may 
be expected from investigation of other oscillations in which these groups take part. Attention should be drawn 
to the absorption bands in the 900-1000 cm™ region, observed in the spectra of the original and deuterated 
silica gels (Fig. 1 and 2) and sensitive to the degree of surface hydration. These bands are usually attributed to 
hydroxyl groups in silicas [30]. It is not possible as yet to assign the absorption bands in this region to any definite 
type of oscillation. It is possible that they are due to deformation oscillations of surface hydroxyl groups. The 
possibility is not excluded that these bands may be assigned to oscillations of the whole hydroxyl group relative 
to the silicon atom. It is to be hoped that further investigations will provide new information on the interaction 
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of surface hydroxyl groups both with each other and with adsorbed molecules, since it is known that analogous 
bands in the spectra of organosilicon compounds containing hydroxyl groups are sensitive to the degree of associa- 
tion [44]. 


The surface layer of hydroxyl groups, rigidly bound to the silicon — oxygen framework, is exceptionally 
suitable for spectroscopic studies of hydrogen bonding between these groups and molecules capable of forming 
hydrogen bonds. Spectroscopic investigation of interaction between water molecules and the silica surface is 
of the greatest significance for elucidation of the mechanism of formation of the hydroxyl layer and of the 
adsorption mechanism, Strongly dehydrated silicas were used in the reported spectroscopic investigations[22, 23], 
Water is attached to such materials by chemisorption [1-8, 19] with regeneration of the hydroxyl layer, favoring 
further physical sorption of water, which proceeds by at least two mechanisms (see Fig. 3) with subsequent growth 
of surface complexes from molecules held together by hydrogen bonds, As a result, the spectra of silicas with 
hydrated surfaces after physical sorption of water should show absorption bands both for surface structural hydroxyl 
groups disturbed by interaction with each other and with adsorbed water molecules (type A, Fig. 3) and for dis- 
turbed hydroxyl groups of the adsorbed water molecules themselves (types B and C, Fig. 3). Interpretation of 
this spectroscopic picture is difficult, and can be achieved only with the aid of parallel investigation of activated 
and physical adsorption of water, the differential heats of these processes, enthalpies and entropies of the com-~ 
plexes formed, and their other physical properties. 


In further investigations of the hydroxyl layer on silicas by the spectroscopic method we hope to photo~ 
graph under vacuum the spectra of samples with known and gradually changing concentrations of surface hydroxyl 
groups, with subsequent addition of water attached by chemisorption and physical sorption and evaluation of the 
number of molecules held by physical adsorption per one hydroxyl group of the surface. For clarification of 
the characteristics of activated and physical adsorption of water it is very necessary to study changes both in the 
absorption bands due to valence oscillations of the hydroxyl groups and in the absorption bands due to deforma~ 
tion oscillations of hydroxyl groups of adsorbed water and surface hydroxyl groups in the silicas, 

SUMMARY 


1. The infrared absorption spectra of original and deuterated silica gels with different known degrees of 
surface hydration were studied in the regions of valence and deformation oscillations of OH and OD groups. 


2. The spectra corresponding to valence oscillations of the hydroxy] groups of silica gel with a fully hy~- 
drated surface indicate the formation of intramolecular hydrogen bonds between some of the hydroxyl groups. 
which are located closely enough together and are in suitable orientation. 


3. The spectrum of substantially dehydrated silica gel contains, in the main, a narrow absorption band 
corresponding to "free" hydroxyl groups which are less numerous and more uniformly distributed over the surface. 


4, In spectroscopic studies of interaction between water molecules and silica surfaces in addition to 
valence oscillations,it is also necessary to investigate deformation oscillations both due to hydroxyl groups of 
adsorbed water and to structural hydroxyl groups in the silica surfaces. 


The authors thank A, N. Terenin and A. N., Sidorov for discussion of this work. 
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ISOTHERMS OF ADSORPTION OF BENZENE AND n-~HEXANE VAPORS 
ON MAGNESIUM OXIDE 


A. V. Kiselev and D. P, Poshkus 


The M. V. Lomonosov University, Moscow, Faculty of Chemistry, Adsorption Laboratory; 
The Institute of Physical Chemistry, Academy of Sciences USSR, Laboratory of Sorption 
Processes 


The preceding communications [1-3] dealt with the geometric structure of magnesium oxide samples pre~ 
pared from uniformly coarse~pored magnesium hydroxide by vacuum heat treatment at different temperatures. 
Further publications [4, 5] contained calculations of the energy of adsorption of hydrocarbons on the (100) face 
of magnesium oxide and the heats of adsorption for one of these samples were calculated. The present paper 
contains the results of a study of the isotherms for adsorption of benzene and n-hexane vapors in the initial 
region on these magnesium oxide samples and on a sample prepared by thermal decomposition of magnesium 
carbonate, In the subsequent investigation the corresponding results were obtained for magnesium hydroxide, 


Comparison of the adsorption of benzene and hexane is interesting because these hydrocarbons, which 
contain equal numbers of carbon atoms in their respective molecules, are adsorbed quite reversibly but differently 
owing to specific features of their structures, In the case of adsorption due to dispersional forces only (on graphite) 
the adsorption and heat of adsorption of hexane are greater than those of benzene [5-7], whereas in the case of 
silica gel with a hydrated surface the adsorption and heat of adsorption of benzene are greater than those of 
hexane, and dehydration of the silica gel surface lowers these values sharply for benzene but has only a slight 
effect for hexane [3, 8, 9]. Decrease of the heat of adsorption of benzene on dehydration of the silica gel sur- 
face is mainly due to a decrease in the energy of the Coulomb forces of interaction between the benzene mole~- 
cule and the electric field of the silica gel surface, due mainly to the hydroxy] groups of the latter [10], Theo~ 
retical and experimental studies of the adsorption of these hydrocarbons on different oxides and hydroxides are 
therefore of great interest. 


The adsorbents used were samples of magnesium oxide made from coarse~pored magnesium hydroxide by 
vacuum treatment at 350, 500, 1000 and 1400° [1] and from magnesium carbonate by calcination at 1000”, 
The method of preparation of the original coarse-pored magnesium hydroxide, denoted here as Mg(OH) — 1, 
the conditions of the vacuum heat treatment, the water contents, and the structural characteristics of the mag-~- 
nesium oxide samples were given previously [1]. Samples of magnesium oxide made from Mg(OH), — 1 by 
vacuum heat treatment at 350 and 500° (denoted by MgO — 1 — 350° and MgO — 1 — 500° respectively) had a 
bidisperse porous structure: they retained the coarse~pored structure of the original Mg(OH) — 1 skeleton, but 
its primary piatelets were penetrated by fine pores (cracks) formed during thermal decomposition of the hydroxide. 
The magnesia samples MgO — 1 — 1000° and MgO ~ 1 — 1400° contained predominantly coarse pores. Electron 
microscope investigations of the pore structure of the original Mg(OH) — 1 sample and of samples calcined at 
1000 and 1400° confirmed the conclusions drawn from adsorption data [2], Determinations of the differential 
heats of adsorption of benzene and hexane on MgO ~— 1 ~ 1000° [5] showed that its surface is in the main homo- 


geneous, 


Figure 1,a shows one of our [1] adsorption isotherms for benzene vapor (on MgO — 1 — 1000°) and the 
corresponding pore volume distribution curve, which indicate that the pores of this sample have a uniform 
structure, Figure 1,b shows the adsorption isotherm for benzene vapor and the distribution curve for a sample 
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TABLE 1 


Constants of the Hydrocarbons Used 


Temper~ 
ature,(°C) 


* 


Hydrocarbons 


Benzene 


n-Hexane 
1.3749 


* Highly pure benzene and hexane for adsorption were kindly 
provided by E. A. Mikhailova from the Institute of Organic 
Chemistry of the Academy of Sciences USSR. 
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Fig. 1. Isotherms for adsorption of benzene vapor and curves for 
pore volume distribution by effective diameters for samples MgO — 
— 1—1000° (a) and MgO- 2—1000° (b): black points here and sub~ 
sequently represent desorption. 


prepared from magnesium carbonate (sample MgO~ 2—1000°), Capillary~condensation hysteresis begins for 
this sample at p/p, 0.2, and the two branches of the isotherm, in contrast to that for sample MgO — 1— 1000°, 
asymptotically approach p/P, = 1, The distribution curve indicates that the porosity of this magnesia sample is 
not uniform, 


The specific surface of the skeleton of sample MgO — 2 — 1000° determined from adsorption of nitrogen 
vapor, was s = 23 m?” /g, whereas the area of the adsorbed benzene film formed at the start of hysteresis was s' = 
= 30 m’/g, so that s*/s>1, evidently owing to the nature of the porosity of this sample. For samples of nonuni- 
form porosity, in calculations of s' the work of multimolecular adsorption cannot be disregarded by comparison 
with the work of capillary condensation proper, as this would give high values of s'. The question of calcula- 
tion of the surface area of adsorption films for adsorbents of the fourth structural type (heterogeneously porous) 
[11] therefore needs further examination, 


Certain constants of the hydrocarbons used are given in Table 1, The vapor pressures p, were determined 
in the adsorption apparatus. 
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Fig. 2, Isotherms for adsorption of benzene (1) and n-hex~ 
ane (2) vapors on samples MgO — 1 — 350° (a) and MgO — 
— 1=— 500° (b). 


Adsorption was determined by means of vacuum liquid 
microburets [1] with an accuracy of about +1 micromole/g 
in the initial region of the adsorption isotherm, and about 
+10 micromoles/g in the region of high p/p, values. 


The adsorption isotherms for benzene vapor were 
determined up to p/p, = 1 (see [1] and Fig. 1), Adsorption 
isotherms for hexane vapor were determined up to p/P, = 
= 0.4-0.9, For comparison, only the initial portions of these 


420 b curves are given below. 

GIs It is clear from Fig, 2,a that the isotherms for adsorp- 

G10 S f tion of benzene and n-hexane on sample MgO — 1 — 350° are 

Q05 markedly convex, and initially (the upper part of Fig. 2,a) 
11 the isotherm for n-hexane lies somewhat above the isotherm 


for benzene; then they intersect, and after this the isotherm 
for benzene lies above that for n-hexane, The isotherms for 
adsorption of benzene and n-hexane on sample MgO — 1 — 500° 
(Fig. 2,b) are both convex, and in the initial region (upper 
portion of Fig. 2,b) the isotherm for n-hexane is appreciably 
above the isotherm for benzene. 


For samples MgO — 1 — 1000° (Fig. 3,a) and MgO- 1 — 
. — 1400° (Fig. 3,b) the isotherms for adsorption of benzene are 
G G2 G3 G4 F/ %; almost linear, with the exception of the earliest region, while 
the isotherms for n-hexane are convex, and the isotherm for 
n-hexane is considerably above that for benzene in the initial 
region. 


Fig. 3. Isotherms for adsorption of ben- 
zene (1) and hexane (2) vapors on samples 
MgO — 1— 1000° (a), MgO — 1 — 1400° 
(b), and MgO — 2— 1000° (c). The adsorption isotherms of benzene and n-hexane 

vapors on sample MgO — 2 — 1000° (Fig. 3,c) intersect twice: 

at first the isotherm for benzene is markedly convex and lies 
above the isotherm for n-hexane, then they intersect and the hexane isotherm lies above the benzene isotherm, 
and in this region the isotherm for n-hexane is convex and that for benzene is almost linear. At even higher 
p/p, the isotherms intersect again and, as with other samples of magnesium oxide, the isotherm for benzene 
lies above that for n-hexane. In view of the fact that the sample MgO — 2 — 1000° contains numerous fine pores, 
capillary~condensational hysteresis begins at lower values of p/P. than for MgO- 1-—1000°, The start of hysteresis 
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for sample MgO — 2 ~ 1000° corresponds to effective radii of 15-20 
ile moles /tn? A, as calculated by the Thomson equation with a correction for 
the thickness of the adsorption film. 


to unit surtose area) for adsorption of benzene and hexane on uni- 
formly~-porous samples MgO — 1 — 1000° and MgO — 1 — 1400° are 
given in Fig. 4. The respective isotherms almost coincide; this 
means that the adsorptive capacities per unit area of these uni- 

G/ G2 O3 P/E. formly~porous samples are almost the same, although their specific 
surfaces differ almost by a factor of 3 [1]. 
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Fig. 4, Absolute isotherms for adsorp- 
tion of benzene (1) and hexane (2) 
vapors on sample MgO — 1 — 1000°, 
and benzene (3) and hexane (4) vapors 
on sample MgO — 1 — 1400’, 


Comparison of the adsorption isotherms for the heterogeneously 
porous sample MgO — 2— 1000° with the isotherms for adsorption of 
benzene and hexane on magnesium oxide with more uniform and 
larger pores (MgO — 1— 1000° and MgO — 1 — 1400”) shows that for 
the sample obtained from carbonate the isotherm for benzene ad- 
sorption is more steep at first. The probable explanation is the 
higher sensitivity of benzene molelcules than of hexane molecules to heterogeneity of the adsorbent surface 
[6,12]. As a result the isotherm for adsorption of benzene on magnesium oxide obtained from magnesium car- 
bonate initially lies even higher than the isotherm forhexane adsorption (Fig. 3,c). 


Figure 5 shows adsorption isotherms of benzene and hexane on the finely porous samples MgO — 1 — 350° 
and MgO — 1 — 500°, reduced to the corresponding absolute isotherms for adsorption on coarsely-porous mag~ 
nesium oxide (Fig. 4) by division of the relative adsorption a in millimoles/g by the corresponding specific sur- 
facess of these adsorbents, formally determined by the BET method from isotherms for low-temperature adsorp- 
tion of nitrogen vapor. The explanation of the steep slope of the isotherms for adsorption of benzene and hexane 
on MgO — 1 — 350’, and the decrease of the slope for MgO — 1 — 500° is probably that the adsorption potential 
is increased in the fine cracks formed in the platelets of magnesium hydroxide during volume dehydration at 
350°, and some sintering, as was demonstrated by us earlier [1], of magnesium oxide (predominantly in the fine 
cracks) at 500°. Thus, the high adsorptive capacity of magnesium oxide made from magnesium hydroxide by 
heat treatment at 300-500° is due not only to its large specific surface but also to an increase of the adsorption 
potential in the fine pores present in such samples, Magnesium oxide obtained at low temperatures has been 
described as the active form [13]. 


Application of equations for isotherms of multimolecular adsorption, Application of the theoretical equa- 
tion for the- adsorption isotherm to the experimental isotherm is reasonable only if the real adsorption system is 
close to the ideal model on which the derivation ofthe equation is based, Often a particular equation which can 
represent an experimental adsorption isotherm is purely formal, and the constants so determined have no physi- 
cal meaning (14, 3]. Therefore isotherm equations based on a homogeneous-surface model, the BET [15] and 
Kiselev and Poshkus [16-18] equations for multimolecular adsorption, were applied only to isotherms for adsorp~ 
tion of benzene and hexane vapors on magnesium oxide samples with the most uniform surface, hamely MgO — 
~h = 1400; 


The experimental adsorption isotherms plotted in linear coordinates of the BET equation are given in 
Fig. 6,a. The limits of applicability of the BET equation to the experimental adsorption isotherms and the con- 
stants of this equation found from the graphs are given in Table 2, where C is the energy constant; ay, is the 
capacity of the monolayer; and wo are the areas occupied by benzene and hexane molecules in a dense mono- 
layer. Values of Wo were calculated from the expression wy = =s/Naan, where s is the specific surface of the 
adsorbent, determined from the isotherm for lowakemibananek adsorption of nitrogen by the BET method (Wy 
for nitrogen was taken to be 16.2 A”) and Na isthe Avogadro number, 


It follows from Fig. 6 and Table 2 that the BET equation is satisfactorily applicable in these cases, The 
energy constant C is small for adsorption of both benzene and hexane on magnesium oxide; its value does not 
exceed 20, because of the relatively low values of the heat of pure adsorption on magnesium oxide (in contrast 
to adsorption on graphitized carbon black [6, 7, 19] when Coy, = 96 and Ca 4, = 500). 
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the value of 17.67 A? was found for w... 
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Fig. 5, Isotherms for adsorption of 
benzene (a) and hexane (b) vapors 
on samples MgO — 1 — 350° (1) and 
MgO — 1 — 500° (2), reduced to the 
corresponding absolute adsorption 
isotherms on magnesium oxide (dash 
lines, see Fig, 4). 
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Fig. 7. Isotherms for adsorption of benzene 


(1) and hexane (2) vapors on MgO — 1 — 350° 
sample, in linear coordinates of the Dubinin— 


Radushkevich equation; arrows indicate the 
corresponding values of p/pg. 
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Fig, 6, Isotherms for adsorption of 
benzene (a) and hexane (b) vapors 

on sample MgO — 1— 1400° in 

linear coordinates of the BET equation 
(a) and equation (1) (b). 


The values of wy found for adsorption of ben- 
zene and hexane molecules on magnesium oxide are 
lower than those for adsorption on graphitized carbon 
black (~40 A? {6] and ~51 A? [19] respectively). This 
contradicts the relationship established earlier [20], 
according to which wp increases with decrease of C 
for a given.molecule. However, at low values of the 
constant C (at low values of the heat of pure adsorp- 
tion) the BET equation can only formally valid, as in 
such cases there are more pronounced deviations of 
the real adsorption system from the ideal system on 
which the BET equation is based. It follows that the 
low values of Wy obtained from this equation for ben- 
zene and hexane on magnesium oxide samples do not 
have a definite physical meaning. On the otherhand, 
it is possible that the area taken for the area of a 
nitrogen molecule in a dense monolayer wp = 16.2 a 


is too low in the case of adsorption on magnesium oxide. Thus, in an investigation [21] where it was assumed 
that nitrogen molecules are adsorbed on the (100) face of magnesium oxide only in certain definite positions, 
This value gives 40.3 and 54 A* for Wy of benzene and hexane mole~- 
cules respectively on MgO — 1 — 1400°, which are more probable values. 


The equation derived by A. Kiselev and Poshkus [16~-18}] for the isotherm of multimolecular adsorption, 


0(1---h)2 


[t—0(1—-hJh 


with interaction between adsorbed molecules in the first layer taken into account, is: 


aie Rhy) (lh) (1) 
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TABLE 2 


Applicability Limits and Constants for Equations of Isotherms for Multimolecular Adsorp- 
tion of Benzene and Hexane Vapors on MgO — 1 — 1400° Sample of Magnesium Oxide 


BET equation 


Equation (1) 


applicability ‘ee 
Adsorbate limits Y ame o, |e bee Pail Ky Bn 
cic lial wae cll em incline Ky 
for p/p, | for 6 mole/g 3 eal for 
Benzene 0,4-—0,35)0,5—1,2] 6] 0,18 37 AY) Ae re Papas al Naar At esd eh 
Hexane 705 —-0)3/0,5—-1,3 [49°] 0,185 ~ | 49;5°| 51,5 10,5—1,01 11 [1,4 | O49 
TABLE 3 where h = p/p,; @ is the degree of surface coverage; K' 


Constants of Equation (2) for Isotherms for Ad-~ 
sorption of Benzene and Hexane on Sample 
MgO — 1 — 350° » 


Benzene 


Hexane 


is the adsorbate — adsorbent equilibrium constant; K,, is 

a constant which takes into account adsorbate — adsorbent 
interaction. When Ky = O equation (1) becomes the BET 
equation [17, 18]. Equation (1) describes not only the 
usual S-shaped isotherms (initially convex, with one bend) 
and totally concave isotherms, but also isotherms with 
two bends [18, 22]. 


Experimental isotherms for adsorption of benzene 
and hexane on sample MgO — 1 — 1400”, plotted in 
coordinates of Eq. (1), are given in Fig. 6,b. For deter- 


mination of 6, Wy was taken as 40 A? for benzene, and 


51.5 A” for hexane, These values were found from the isotherms for adsorption of these vapors on graphitized 
carbon black [6, 19] when K"; > Kp and Eq. (1) approximates to the BET equation. 


It is clear from Table 2 that the applicability limits of Eq. (1) and the BET equation in relation to experi- 


mental isotherms for adsorption of benzene and hexane 


on magnesium oxide are approximately the same, proba- 


bly because in these cases the values of the constants Ky are low, so that the BET equation is still a close approxi- 


mation to Eq. (1). 


The heterogeneous sample MgO — 1 — 350° contains fine pores or cracks which become filled with the 
liquid adsorbate as the result of the primary process, which is still one of pure adsorption. The first type of the 
Dubinin — Radushkevich equation [23] for adsorption of vapors on fine-pore adsorbents, was convenient to apply 
to the isotherms for adsorption of benzene and hexane vapors on this sample. In the linéar form this equation 


is written: 


log a = log. me 
m 


72 a 
a 9ge (1OB,"s/ p ’ (2) 


where Wp is the volume of micropores filled by condensed vapor as the result of the pure adsorption process, Vim 


is the molal volume of the liquid adsorbate; B is a constant related to the pore size; 6 is the affinity coefficient. 
The experimental isotherms for adsorption of benzene and hexane on sample MgO—1~—350°, plotted in the coordi- 
nates of equation (2), are given in Fig. 7, The equation is valid in the p/P, range from 0.005 to 0.2. The constants 
Wo, B, and 6 (in the case of benzene 6 is taken as unity) found from the graphs are given in Table 3, 


Table 3 shows that the isotherms for adsorption of benzene and hexane give almost the same value, about 
0.15 cc/g, for the volume Wo Of the micro~pores of sample MgO—- 1~ 350°. The affinity coefficient 8 for hexane 


is lower than on active carbon, when 8 = 1,35 [24]; this is probably because the heats of adsorption of benzene 
and hexane on magnesium oxide are similar, 
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SUMMARY 


1, The isotherms for adsorption of benzene and n-hexane vapors on a series of magnesium oxide samples 
made by thermal decomposition of magnesium hydroxide and carbonate have been determined. 


2. In the region of relative vapor pressures corresponding to predominant filling of a monolayer the ad- 
sorption of hexane on magnesium oxide is greater than adsorption of benzene, 


3, Absolute isotherms for adsorption of benzene and hexane vapors on magnesium oxide were determined 
and studied, 
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CHARACTERISTICS OF STRUCTURE FORMATION IN 
CONCENTRATED SOLUTIONS OF POLYMETHACRYLIC ACID 


Yu. S. Lipatov, P. I, Zubov, and E, A. Andryushchenko 


The L. Ya, Karpov Physicochemical Institute, Moscow 


It may be regarded as established by the large number of investigations concerned with gel formation in 
polymer solutions that the principal condition for gel formation is the formation of stable bonds between the 
macromolecules; it is caused by partial decrease in the solubility of certain groups of the polymer molecule in 
a given solvent [1, 2]. It has been deduced from a number of properties of polymer gels that gel structure is 
determined by formation of a spatial network of macromolecules which are, to a certain degree, of elongated 
form; this applies especially to gels of rigid polymers in poor solvents, Chain flexibility, which determines the 
chain configuration, influences in many ways both the variation of viscosity with the nature of the solvent and 
the concentration, and the character of structure formation [3]. Special interest attaches from this viewpoint 
to studies of the rheological properties of solutions of synthetic polyelectrolytes in which changes in the degree 
of ionizationresult in sharp changes in the form of the chain molecules and in consequent changes of rheologi- 
cal properties. However, the literature contains hardly any information on the behavior of concentrated solu~ 
tions of synthetic polyelectrolytes in relation to the presence of extraneous electrolytes, to the degree of neutrali- 
zation of the polyelectrolyte in solution, and to the temperature. 


It was desired to carry out such an investigation of the rheological characteristics of concentrated solutions 
of polymethacrylic acid, There have been numerous publications concerned with studies of the properties of 
dilute solutions of this electrolyte in relation to various factors, including temperature and the nature of the sol- 
vent. Our purpose was to determine the possible conditions of structure formation in systems in which the form 
of the chain may alter with the degree of ionization of the molecules. 


Viscosities of solutions of polymethacrylic acid [4] in various solvents were determined at polymer con~ 
centrations from 1 to 12%, Aqueous solutions of polymethacrylic acid neutralized to different extents by NaOH 
solutions were investigated. Viscosity was determined by means of the Ostwald and Ubbelohde (variable~pressure) 
viscosimeter and the rotational viscosimeter [5]. The FEK-M photocolorimeter was used to determine the effects 
of temperature on turbidity of a number of solutions of polymethacrylic acid in different solvents. 


Figure 1 shows variations of the specific viscosity of aqueous solutions of polymethacrylic acid with con- 
centration at 20 and 60°, at a velocity gradient of 500 sec™1, Figure 1 clearly reveals a characteristic feature of 
solutions of this polymer, which is that the temperature coefficient of viscosity depends sharply on the concen~ 
tration and changes sign in the transition from less to more highly concentrated solutions, Appreciable gel for~ 
mation already occurs in 8% solutions of polymethacrylic acid at 60°, Thus, here we are concerned with a system 
in which, in contrast to most polymers (with the exception of nitrocellulose solutions in ethanol [6] and of butyl 
rubber in benzene [7]), the viscosity increases sharply with temperature in concentrated solutions above a certain 
concentration. This concentration at which gel formation begins is relatively high in comparison, say, with the 
concentrations at which gelatin solutions form gels on cooling. It is evident that it is only at these concentrations 
that a sufficient number of intermolecular bonds, capable of withstanding thermal motion and leading to vis~ 
cosity increase and gel formation, can be formed on increase of temperature, 


Similar results are found for solutions of polymethacrylic acid in 0.1 N HCl, The table contains values 
of the average temperature coefficient of viscosity for solution of polymethacrylic acid in water and HCl in 
relation to the concentration, (;, — "t,) At, — t2) when y<ty. 
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Mean Temperature Coefficient of Viscosity of Polymethacrylic Acid Solutions at Different 


Concentrations 


en ol 


Temperature coefficient | 


Concen~ 
tration, % 


of viscosity 


solutions in 


1 0701 

2 —0.015 
3 —0.018 
4 —0.036 
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Fig. 1. Variations of the specific viscosity 
of aqueous polymethacrylic acid solutions 
with concentration at 20 and 60°, 


solutions in 


Temperature coefficient 
Concen- of viscosity 

WMEIOA Ito [ote ee mae ne 
solutions in | solutions in 
water | HCl 


| 
| 
| 


—0.08 —0.062 
=i 

—0.02 +1,3 

—0.04 ne 


It is seen in the table that the sign of the temperature 
coefficient changes abruptly when the concentration of poly~ 
methacrylic acid solutions is ~6%, Comparison of the values 
of this coefficient with the corresponding temperature for 
water shows that up to ~6% concentration the fall in the vis~- 
cosity of polymethacrylic acid solutions with increase of tem- 
perature exceeds the fall in the viscosity of water over the 
same temperature range; above this concentration the viscosity 
rises sharply with temperature. 


We believe that the observed effects are caused by a 
decrease of the solubility of polymethacrylic acid with rise of 
temperature, This hypothesis is consistent with the results of 
certain thermodynamic investigations of polymethacrylic acid 
solutions [8] and of investigations of infrared and Raman spectra 


[9]. 


As a consequence of the decreased solubility of poly- 
methacrylic acid on heating, certain coiling of the molecules 
due to formation of additional intramolecular bonds takes 
place in solutions of relatively low concentration owing to 
weakened interaction between the polymer molecules and the 
solvent, At higher concentrations intermolecular bonding be- 
comes more probable, and this causes structure formation in 
the solutions on heating, In fact, our data on variations of the 
specific viscosity of the solutions with the rate of shear show 
that in the range of shear rates from 100 to 1000 sec™4 the vis- 
cosity begins to depend appreciably en the rate of shear only 
at the concentrations at which structure formation begins in 
the solutions on heating. 


Available data on the shape of polymethacrylic acid 
molecules in dilute aqueous solutions show that these mole~ 


cules have a coiled configuration because of the presence of fairly numerous intramolecular hydrogen bonds. It 
is evident that with increase in the solution concentration the molecules retain their coiled form, although the 
molecular coils probably become considerably smaller, We consider that the structure formation in poly~- 
methacrylic acid solutions which we observed on heating is caused by intensified interaction between molecules 
in a coiled configuration. If intramolecular bonds were broken down on heating, the viscosity would increase 
with temperature even at low concentrations; this is not the case in fact, Addition of urea (which can break 
down hydrogen bonds) to 1% solution of polymethacrylic acid does not increase the viscosity, but lowers it some~ 
what. This indicates that the intramolecular bonds are fairly stable. When 1% polymethacrylic acid solutions 
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in water are heated in absence of urea the viscosity falls, 
whereas in presence of urea the viscosity remains unchanged; 
this may indicate that the intramolecular bonds are broken 
down to some extent in presence of urea only when the solu~ 
tions are heated. We thus correlate structure formation in 
concentrated solutions of polymethacrylic acid on increase 
of temperature with a decrease in the solubility of the poly~ 
mer in water which leads, at sufficiently high solution con~ 
centration, to intensified intermolecular action. 


A distinguishing feature of gel formation in this sys- 
tem, as compared with other well-known cases of gel for= 
mation, such as in gelatin, is that in the present instance the 
bonds are formed between molecules in the coiled, globular 
form. Such gels should approximate in properties to gels 
formed in solutions of hydrophobic colloids. 


QOIN 
Na CL 


G6 


Water 


a5 
Gel formation in aqueous solutions of polymethacrylic 


acid was also studied nephelometrically. This was possible 
because increase of temperature in the investigated systems 
resulted in an appreciable increase of turbidity, evidently 
caused by aggregation processes, Studies of effects of tem- 
perature on turbidity of aqueous and hydrochloric acid solu~- 
tions of polymethacrylic acid at concentrations from 3 to 9% 
showed that above a definite temperature the turbidity 


QOIN HCL 
a3 QIN HCL 


Ge57 ‘aag sit, gee Top Yt 10* begins to increase appreciably. There is a linear relation- 
ship between the reciprocal of the temperature at which the 

Fig. 2. Variations of log c with 1/T, where turbidity of the solution reaches 100% and the logarithm of 
T is the temperature at which the turbidity the concentration. These results are plotted in Fig. 2. From 

of a solution of concentration c is 100%, these data we determined the heat of gelation by means of 


the equation 
In c =—AH/RT + const, 


used in other publications [10, 11] for a similar purpose. We found that in aqueous solutions the heat of aggrega~ 
tion of polymethacrylic acid is 11.4 kcal/mole, and in solutions of 0.1 N HCl it is 45.5 kcal/mole. These values 
are considerably lower than the heats of gelation in gelatin solutions; according to the publications cited, these 
are 60-90 kcal/mole. 


This is probably because in solutions of polymethacrylic acid intermolecular hydrogen bonds are formed; 
their number, in contrast to the number in a gelatin gel, is relatively small because of the coiled configuration 
of the molecules in solution. If the energy of hydrogen bonding is taken to be ~5 kcal/mole, our data correspond 
to the formation of 2-8 bonds per molecule, as compared with 12-20 bonds for gelatin. This is understandable, 
because the more open form of the gelatin chains favors formation of a larger number of intermolecular bonds, 


The considerable difference between the heats of aggregation in aqueous and hydrochloric acid solutions 
of polymethacrylic acid is of great interest. We attribute this difference to the fact that in hydrochloric acid 
solutions the conditions are favorable for formation of a larger number of stabler bonds; in aqueous solutions, 
where polymethacrylic acid is dissociated, although only to a slight extent, electrostatic repulsion of the chains 
prevents formation of sufficiently stable intermolecular bonds. This hypothesis is confirmed by data on heats of 
aggregation in aqueous solutions in presence of NaCl, Addition of NaCl increases the ionic strength of the solu~ 
tion and thereby lowers the degree of dissociation of methacrylic acid, although not as much as addition of HCl 
does. Therefore,in solutions with added NaCl the heat of aggregation has the intermediate value of 19.7 kceal/ 
/mole. It follows that conditions of structure formation depend to a significant extent on the degree of ioniza~ 
tion of the molecules. The fact that intermolecular bonds are numerous in hydrochloric acid solutions is con- 
firmed by the higher viscositics of these solutions as compared with viscosities in absence of HCI, and by the 
greater stability of the structures formed when solutions in hydrochloric acid are heated, This is clear from the 
data in Fig. 3 on the development of shearing deformation at 53° for aqueous and hydrochloric acid solutions, 
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Fig. 3. Variations of relative deformation with time for solutions of poly- 
methacrylic acid in water and in HCl at 53°. 


Fig. 3 shows that in presence of HCl the system has properties 


%, 20 : characteristic of a gel, i.e., it exhibits slight elastic deformation, 
20 whereas in absence of HCl the properties of a gel do not appear at 
: 6 this temperature and a shearing stress produces only irreversible 

deformation (these results were obtained by means of a rotational 
oa 4 viscosimeter by the method described earlier [5]). The following 
fact confirms that intermolecular hydrogen bonds are formed 
2 during gelation. If urea is added to solutions of polymethacrylic 
2 acid, the turbidity of the solutions does not alter with increase of 
temperature and gel formation does not take place, Earlier we 
G8 ! 95 drew attention to specific characteristics of structure formation in 


aqueous solutions of methacrylic acid, associated with globular 
configuration of the macromolecules. It was of interest to find, 
however, whether structure formation takes place in aqueous solu- 
tions of the partially-neutralized acid, i.e., when the shape of the 
macromolecules determined by their ionization alters. The effects 
of temperature on the specific viscosity of aqueous solutions of 
polymethacrylic acid of 5, 15, 25, 40 and 60% neutralization were 
therefore investigated. The results [4] show that as the degree of 
neutralization of polymethacrylic acid in solution increases, with 
uncoiling of the molecules and increase of viscosity, the tempera- 
ture coefficient of viscosity also undergoes characteristic changes. Whereas in aqueous solutions the viscosity 
increases with temperature above a certain concentration, in the case of solutions of partially-neutralized poly- 
methacrylic acid this effect appears, above a definite degree of neutralization, even in relatively dilute solu- 
tions, Figure 4 shows variations of the ratio of specific viscosities at 20 and 60° with the degree of neutralization 
for solutions of different concentrations. It is seen in Fig. 4 that the viscosity may either decrease or increase on 
heating, depending on the degree of neutralization. The maximum increase of viscosity with temperature is 
found for 25% neutralization. Figure 5 shows that above a certain concentration the solution viscosities begin to 
rise sharply. Concepts concerning the behavior of polyelectrolytes in dilute solutions cannot be extended to con- 
centrated solutions, In general this is because,for a given degree of neutralization,the degree of ionization of the 
macromolecules is lower in a concentrated than in a dilute solution, because the ionic strength is higher; there~ 
fore the change in the shape of the chain on neutralization is also less pronounced, At the same time, because 
of the lower degree of dissociation in concentrated solutions the polymer chains in these solutions contain fairly 
numerous undissociated carboxyl groups, capable of forming intermolecular bonds in concentrated solutions, 

The presence of COONa groups with firmly~bound sodium ions is also possible. Under certain conditions these 


oe &15 25 40 60 a,% 
Fig. 4. Effect of degree of neutrali- 
zation on the ratio of specific vis- 
cosities at 20 and 60° for aqueous 
solutions of polymethacrylic acid 

of different concentrations, 
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factors would favor structure formation in solutions, Out 

results indicate that structure formation in solutions increases 
60; 0 =25% with rise of temperature although no gel formation takes 
place, Increase of structure formation may be attributed 
to decrease of the solubility of partially-neutralized poly- 
methacrylic acid with increase of temperature; this, in 
particular, is indicated by the greater increase of viscosity 
with concentration at high concentrations, Absence of gel 
formation may be due both to the higher solubility of the 
salt as compared with pure polymethacrylic acid, and to 
the presence of similarly-charged groups which prevents 
mutual approach of the polymer chains in solution and for~ 
mation of stable intermolecular bonds, According to our 
nephelometric data [12], when the sodium content reaches 
only 2% on the carboxyl groups heating no longer produces 
changes in the turbidity of polymethacrylic acid solutions 
or gel formation, The foregoing is supported by data which 


60," =8 % 


20, ce =8 %o 


ci show that the greatest viscosity changes on heating of 
Fig. 5. Variations of specific viscosity of partially-neutralized solutions of polymethacrylic acid 
aqueous solutions of methacrylic acid at dif- take place at an intermediate degree of neutralization, 
ferent degrees of neutralization with the con- when the molecules are already uncoiled but their mutual 
centration of the acid. repulsion is not yet very strong and the effect of solubility 
increase due to conversion into salt is also not very pro- 
nounced, The increase of visocisty with temperature begins 
at lower concentrations in solutions of partially-neutralized 
35 ‘log 1, centipoise polymethacrylic acid than in solutions of the unneutralized 
acid; this is because structure formation occurs more easily 
40 %, NaOH on decrease of solubility with molecules in extended con~- 


figuration than with coiled molecules, 


25 % NaOH The hypothesis that solubility decrease is the cause 
ads of the observed increase of viscosity with rise of temperature 

GIN HEL thee in solutions of partially-neutralized polymethacrylic acid 

20% NaOH is also confirmed by the following data. We found for the 


oI OH asso first time for concentrated solutions of methacrylic acid 
15 Yo NaOH that the relationships which hold for dilute polyelectrolyte 


Mee oe ap 1 log G.sec7} solutions are not valid for concentrated solutions, We 
showed that even for 8% solutions the lower the degree of 
Fig, 6, Variations of the viscosity of 9% aque- neutralization the higher the viscosity (at degrees of neu- 
ous solutions of polymethacrylic acid with the tralization up to 25%) [13]. Further, the viscosity of an 8% 
rate of shear at 20°. solution is higher in presence of HCl than the viscosity of 


an aqueous solution. These results were confirmed in our 

studies of the viscosity of 9% solutions of polymethacrylic 

acid in water and in 0.1 N HCl and NaOH at different de~ 
grees of neutralization, as a function of the shear rate (Fig. 6), Figure 7 shows variations of the viscosity of a ¥o 
solution with the degree of neutralization at a shear rate of 0.33 sec; the straight line represents the viscosity 
of a solution of polymethacrylic acid in 0,1 N HCl, Figure 8 shows variations of viscosity with rate of shear 
for some 12% solutions of polymethacrylic acid. The data in Fig. 8 indicate that in a concentrated solution 
viscosity increases with decrease of solubility, and hence with increase of coiling of the molecular chains. This 
shows that in the present instance the effects associated with decreased solubility and increased intermolecular 
action have a much greater influence on viscosity than any possible effects due to changes in the shape of the 
chains on neutralization of the polymeric-acid molecules, accompanied by an increase of solubility. The effects 
of changed configuration become appreciable only when the degree of neutralization reaches ~25%, It follows 
that structure formation in concentrated solutions largely depends on the degree of intermolecular interaction, 
determined by the nature of the polymer and solvent, rather than on the configuration of the polymer chains, 
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Fig. 7. Variations of the viscosity of 9% solu- 
tions of methacrylic acid with the degree of 
neutralization, 
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Fig. 8. Effect of rate of shear on the viscosity 
of 12% solutions of polymethacrylic acid, 
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An interesting characteristic of concentrated solu~ 
tions of polymethacrylic acid is that, above a certain con~ 
centration (12% in the present instance), the viscosity — 
shear rate relationship differs from that found for most 
other polymer systems. 


From a definite value of the rate of shear the vis~- 
cosity increases sharply with time, This is evidently associ- 
ated with effects of negative thixotropy and more detailed 
study of this effect is needed. In the light of our results it 
was of interest to study the behavior of polymethacrylic 
acid in a less polar solvent, methanol, 


The results of determinations of specific viscosity 
at different temperatures, plotted in Fig. 9, show that the 
specific viscosities are considerably higher in methanol 
than in aqueous solutions of the corresponding concentra~ 
tions, According to literature data the viscosities of poly~ 
methacrylic acid in dilute methanol solutions are lower 
than in aqueous solutions of the corresponding concentra~ 
tions; this indicates that the macromolecules are more 
coiled in methanol, which is the "poorer" solvent in the 
thermodynamic sense. However, in concentrated solutions 
the viscosities of methanol solutions are higher; this iscon- 
sistent with the general nature of the viscosity — concen~ 
tration relationship for solutions of flexible molecules in 
good and poor solvents [14]. 


Here, in contrast to aqueous solutions, the viscosity 
falls instead of rising when solutions of polymethacrylic 
acid of up to 15% concentration are heated. 


This indicates that either the solubility of meth- 
acrylic acid in methanol increases with temperature, or 
that intramolecular bonding predominates over intermole- 
cular if solubility decreases with rise of temperature. We 
believe that the more probable cause of the observed effects 
is decrease of the solubility of polymethacrylic acid in 
methanol, because solution viscosity also decreases when 
a precipitant is added to methanol solutions, i.e., when 
the quality of the solvent becomes even worse. The solu~ 
bility of polymethacrylic acid in a mixture of methanol 
and precipitant (methyl ethyl ketone) also falls on increase 
of temperature, as is shown by the increased turbidity of 
such solutions when they are heated. The predominance 
of intramolecular over intermolecular bonding on decrease 
of solubility indicates, in our opinion, that the flexibility 
of the polymer chains in this solvent alters with rise of 
temperature, Increase of flexibility favors chain coiling, 
Evidently the change in the chain flexibility in this mixed 
solvent also accounts for the fact that the relationship be~ 
tween the temperature at which the turbidity reaches 100% 


and the solution concentration is nonlinear, Lower temperatures correspond to a smaller slope and consequently 
to a lower heat of bond formation, If this relationship (Fig. 10) is plotted in the form of two straight lines, they 
are found to correspond to heats of aggregation of 7.4 and 28.5 kcal/mole respectively. Since these values, as 
in the case of aqueous solutions, are greater than the heat of formation of one hydrogen bond per molecule it 
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polymethacrylic acid in methanol. mixture (1:1), 


may be assumed that the ratio of intérmolecular to intramolecular bonds changes with change of temperature 
and the associated change of flexibility; the number of intermolecular bonds increases with rise of temperature, 
because the solubility is lower at higher temperatures. 


Addition of NaOH in amounts corresponding to 10% neutralization of the acid to methanol solutions of 
polymethacrylic acid results, in relatively dilute solutions, in a decrease of viscosity, which we ascribe to a de~ 
crease of the solubility of the partially neutralized acid in methanol. The behavior of such solutions on changes 
of concentration and temperature is analogous to the behavior of aqueous solutions (Fig. 9); above a certain con~ 
centration the viscosity rises sharply with increase of temperature and gel formation begins, 


Evidently in this case, as for aqueous solutions, decrease of solubility and chain coiling leads at certain 
concentrations to formation of gels from molecules in the coiled, globular form, The heat of aggregation, de~ 
termined as indicated above, is 20,000 cal/mole. 


Thus, both in aqueous solutions of polymethacrylic acid and in methanol solutions of the partially~neu-~ 
tralized acid increase of temperature may result in gelation processes associated with partial decrease of the 
solubility of the polymer in the given solvent on heating. Evidently in both cases the gel network is built up of 
molecules in the coiled configuration. Partial loss of solubility of certain groups contained in the polymer is 
therefore a necessary condition for gel formation. This conclusion is inharmony with Lipatov's views[2] concerning 
the significance of partial solubilities of different groups in a polymer for gel formation, 


SUMMARY 


1. The viscosity — temperature relationships of solutions of polymethacrylic acid in methanol and water 
have been studied for different degrees of neutralization of the acid. 


2. Under certain conditions gel formation may occur in these systems, due to partial decrease of the solu~ 
bility of the polymer in a given solvent. 


3. The gels so formed are spatial networks made of polymer macromolecules in a coiled configuration. 
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4, The relationships between viscosity and degree of neutralization which are valid for dilute solutions 
do not hold for concentrated aqueous solutions of polymethacrylic acid. 
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CHANGES IN THE COLLOIDAL PROPERTIES OF WHEAT FLOUR 
DURING DRY HEATING ABOVE 100° 


D. N. Lobanov and L. V. Babichenko 


The G, V. Plekhanov Institute of National Economy, Moscow 


Flour is heated in the dry state at temperatures above 100° in some branches of the food industry and in 
communal feeding. 


The literature contains some information on the effects of dry heating on the nutrient substances present 
in flour, but hardly any data are available on changes in its colloidal properties. This problem is of considerable 
practical interest, because dry-heated flour is added to certain products in order to make them richer in colloids. 


The material used for the investigation was air-dry first-grade wheat flour, heated at 120 and 150°. The 
changes produced by the heating in the filtration rates of suspensions, water-binding capacity, and viscosities of 
standard suspensions were determined, 


The method of filtration analysis [1, 2] was used for determinations of the relative hydrophilic nature of 
the flour. The method is based on the sensitivity of the filtration rate of a sol prepared under standard conditions 
to the degree of dispersion and hydration of the colloid particles. 


Differences in the rates of filtration of aqueous suspensions of the samples became apparent even at the 
start of the process (Fig. 1), The filtration time of 20 cc of sol was specially significant: for air-dry flour it 
was 24 minutes 32 seconds, for flour heated at 120°, 40.5 seconds, and for flour heated at 150°, 9 seconds. These 
differences between the filtration rates of suspensions of the flour samples are the result of decreased hydrophily, 
mainly owing to protein denaturation [3]. ° 


The water-binding capacity of the flour was determined from the heat of wetting. The amount of bound 
water was calculated by Dumanskii's formula [4]: 


ge 
A=-5, 


where A is the water~binding capacity of 1 g of the substance, in grams; Q is the heat of wetting, in calories 
per gram. The values of Q were found from calorimetric determinations of the increase of temperature as the 
result of wetting in a variable-temperature calorimeter with an isothermal jacket [5], and were calculated from 


the formula 


nie (Ad -|- x,) [(m -|- mi) - C + K] 


S m 


where At is the rise of temperature caused by wetting of the flour by water; x, is a temperature correction for 
heat transfer to the surroundings during the wetting; m is the weight of the sample in grams; my, is the weight 
of water taken for the wetting; in grams; C is the specific heat of an aqueous flour suspension (assumed arbi~ 
trarily to be unity [6]); K is the water equivalent of the calorimetric unit, representing the quantity of heat 
required to raise the temperature of the whole system by 1°, In our experiments the water equivalent was 23,41 


cal with the first calorimeter and 21.93 cal with the second. 
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Fig. 1. Filtration rates of flour suspensions; 
1) air-dry flour; 2) heated to 150°; 3) heated 
to 120°, 


The calorimetric vessel (Fig. 2) was designed so that 
the test substance and the calorimetric liquid (distilled water) 
could be brought into contact without introduction of any 
auxiliary devices into the calorimetric vessel. 


The temperature change (At) as the result of the reac~ 
tion was found from the difference between two thermometer 
readings: the highest at the end of the reaction and the last 
before the start.’ The temperature correction for heat transfer 
to the surroundings during the reaction (xt) was calculated 
from the formula [7): 


r= 


x + X92 


where x; and xg are the approximate values of the mean tem-~ 
perature fluctuations before and after the reaction, and n is 
the number of temperature readings during the reaction; x; 
and x,, found by division of the difference between the first 
and eleventh thermometer readings by the number of 30- 
second intervals did not exceed 0.005°, which shows that the 
thermal operation of the calorimeter was normal, 


We were unable to determine the water-binding 
capacity of air-dry flour, as its wetting was not complete 
with the type of stirrer used in the calorimeter. Accordingly, 
the water~binding capacity of flour dried to constant weight 
at 105° was determined (see table), 


According to Dumanskii [4], flour dried at 80-90° 
under vacuum can bind 34% of water. Therefore even such 
mild heat treatment as drying at 105° decreases the water- 
binding capacity of flour by not less than 30%, If flour is 
heated to 120 and 150°, the water~binding capacity is lowered 
by at least 46 and 50% respectively. 


The graph representing the temperature rise during wetting of the flout samples, shown in Fig. 3, gives a 
clear idea of the course of wetting of the flour in the calorimeter. 


An attempt was made to derive a mathematical expression for this temperature change. If At represents 
the temperature difference as the result of the reaction in time T(minutes), the following three equations can 
be obtained with the aid of Newton's formula of divided differences: 


1) For air-dry flour: 


At = — 0,1086 + 0,2415 t — 00,0129 t? ; 


2) For flour heated to 120°: 


At = —0,1300 + 0,2150 t — 0,0100 «? ; 


3) For flour heated at 150°: 


At = — 0,0810 + 0,1330 t — 0,0020 z?,, 
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Fig. 2. Calorimetric vessel: a) position 
before reaction; b) position during reac~ 
tion; 1) main cylinder; 2) second brass 
cylinder; 3) cork with handle 4; 5) thin 
sheet~steel tube for Beckmann thermo- 
meters; 6) tube for stirrer; 7) stirrer 
with handle 8 made from a good insu~ 
lator; 9) brass cover for calorimetric 
vessel; 10) projecting edges by which 
the calorimeters are held in the pro- 
tecting container, 
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Fig. 3. Rise of temperature in the action of 
water on flour: 1) dried at 105°; 2) heated to 
120°; 3) heated to 150°, 


These equations were tested for all values of T from 0.5 
to 16 minutes, They were found to be applicable during the 
first 11 minutes of the experiment, During this period the 
calculated and experimental values of At coincided exactly. 
These formulas can be used to check the accuracy of the ex~ 
perimental data and to simplify experimental procedure in 
determination of heats of wetting of flour and similar materials 
in a calorimeter, 


The presence of soluble substances does not have any 
significant influence on the results of the determinations. 
The total contents of water-soluble substances were 7.0% 
for flour heated to 120° and 6.4% for flour heated to 150° 
(calculated on the dry substance); these are lower values than 
those found for wheat flour (9,4-12,0%) investigated earlier 
by Dumanskii [4], in whose experiments 20-30% of the total 
amount of water-soluble substances in flour went into solution. 


In view of the conditions in which heated flour is used, 
it was of interest to find how the viscosity of flour suspensions 
varies when they are heated from 20 to 100°. 


The viscosities of 4.5% suspensions of air-dry and heat- 
treated flour were determined in an Ostwald viscosimeter 
(7H,O = 3.8 seconds at 20°) by the method [12] recommended 
for suspensions, The results are presented in the form of graphs 
in which 7 (the efflux time in the viscosimeter) is plotted 
against the suspension temperature t (Fig. 4). 


It is known that suspensions of starch in cold water have 
very low viscosity, which increases in direct proportion to the 
concentration. On increase of temperature the viscosity falls 
at first and then begins to rise (usually at about 60°). This 
increase of viscosity at higher temperature is due to paste 
formation. 


The viscosity of an aqueous suspension of air-dried flour 
is so high even at 50-60° that it cannot be determined in the 
Ostwald viscosimeter. 


Aqueous suspensions of flour previously heated to 120 
and 150° respectively behave differently on increase of tem- 
perature (Fig. 4). In the first of these, starch is converted 
into paste, as is shown by a temperature range corresponding 
to a viscosity minimum followed by a steep rise of viscosity 
at 80-90°, The viscosity of the second suspension falls some- 
what with increase of temperature and remains constant in 
the 80-90° range. 


| Heat of Amount of | Moisture 


Heating temperature, °C wetting, bound content, eon 
cal/g wate!, Jo DP Re: 
stance 
120 14 18,56 2,16 
150 13,51 16,89 2,95 
18,63 23,29 0 


105 (dried to constant weight) 
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This large difference between the viscosity changes with temperature in the investigated suspensions is the 
result of differences in the state of the starch grains in them after the flour has been heated to 120 and 150° 
respectively [13-14]. Heat treatment at 150° breaks down the native structure of the starch grains to such an 
extent that they all lose their capacity to form a paste. 


SUMMARY 
T,sec 

17 If first-grade wheat flour is heated to 120 and 150° re- 
spectively the hydrophilic property is lowered to almost the same 
extent, but the native structure of the starch grains is broken 

4 down to different degrees, In the former case starch grains 

2 capable of paste formation remain, whereas flour heated to 150° 

does not contain such grains. In consequence of this the vis- 

“ cosity of suspensions of flour heated to 120° rises sharply in the 


80-90° range whereas the viscosity of suspensions of flour heated 
to 150° remains unchanged. 


LITERATURE CITED 


[1] A. G. Kul'man, Colloids in Bread Baking [in Russian] 
(1941). 


[2] A. G. Kul'man, Soviet Flour Milling and Bread Baking 
[in Russian] (1936) p. 39. 


[3] A. G. Kul'man and E, P, Strukova, Proc, 2nd Conference 
20 40 60 80 tC on Colloid Chemistry [in Russian] (Acad, Sci. Ukrainian SSR 
Press, Kiev, 1950). 


Fig, 4, Viscosity variations of 4.5% 
suspensions of heat-treated flour when [4] A. V. Dumanskii and E, F. Nekrvach, Kolloid Zhur. 


heated from 20 to 100°: 1) flourheated 13, 20 (1951); 17, 168 (1955). * 
to 150°; 2) flour heated to 120°, [5] V. A. Koltygin, Dissertation [in Russian] (Moscow, 1951). 


[6] S. M. Skuratov, Kolloid Zhur, 13, 396 (1951); 9, 133(194" 
[7] M. M. Popov, Thermometry and Calorimetry [in Russian] (Izd. MGU, 1954) p. 356. 
[8] Ya. S. Bezikovich, Approximate Calculations [in Russian] (State Trade Press, 1949) p. 107. 
[9] S. M. Lipatov, Physical Chemistry of Colloids [in Russian] (Goskhimizdat, 1948) p. 79. 
[10] S. M. Lipatov, B. Sh, Kartsovnik, and L, V. Babich, Kolloid Zhur, 10, 349 (1948). 
[11] S. M. Lipatov, Science of Lyophilic Colloids [in Russian] (Minsk, 1941), 
(12) I. N. Putilova, Handbook of Practical Colloid Chemistry [in Russian] (Goskhimizdat, 1943) p. 143. 
(13] V. I. Nazarov, N. P, Silina, and T, P. Tikhomirova Kolloid Zhur. 20, 465 (1958). * 
[14] V. Katz and Weidinger, Z. phys, Chem. 184, 188 (1939), 


Received April 14, 1958 


* Original Russian pagination. See C, B. Translation. 


588 


DILATOMETRIC INVESTIGATIONS OF GELATIN GELS 


S. I. Meerson and N. N. Puchkova 


The Moscow Textile Institute 


Thermochemical investigations of the liquefaction of gelatin gels over a wide range of temperatures [1] 
show that transition of a gel into the liquid state occurs in a fairly narrow temperature range and is accompanied 
by absorption of heat which may be regarded as heat of fusion, Dilatometric studies of 60% gelatin gel [1] con- 
firm the thermochemical data and demonstrate the existence of a volume effect in the fusion of the gel. 


This paper contains more detailed results of dilatometric investigations on gelatin gels of different con- 
centrations” . 


The determinations were performed in glass dilatometers without stoppers and with ground~glass stoppers. 
The dilatometer without a stopper was a cylindrical vessel with a measuring capillary sealed to the top end. 
The dilatometer was filled with the substance through the lower orifice, which was then sealed. It was then 
connected to a vacuum pump and a mercury reservoir by means of a two-way cock, After evacuation the dilato- 
meter was gradually filled with mercury. These dilatometers are convenient for use with gelatin either in the 
dry state or containing small amounts of water, The distinguishing feature of the dilatometers with the ground~ 
glass stoppers was that the measuring capillary was sealed to the lower end of the cylindrical vesselad curved 
upward, The radii of the measuring capillaries did not exceed 0.2-0.3 mm. The capillaries had been previously 
calibrated, The mercury level in the capillaries was read off to the nearest 0.2 mm. The filled dilatometers 
were kept in a thermostat at the given temperature (+0.05°) until the equilibrium volume was reached, The 
height of the mercury in the capillary was measured continuously, starting at 14°, for each 1~-2° rise of tempera~ 
ture. Because of the long time of volume relaxation of the gel, at low temperatures control experiments were 
carried out in which the dilatometers were kept at the given temperature for 5~6 hours, 


It was observed that a second heating of a cooled gel does not alter the form of the volume — temperature 
curve, but the whole curve lies lower, i.e., the system contracts. Cooling after a second heating again leads to 
contraction, An equilibrium curve can be obtained only after several consecutive heatings. The gelation and 
fusion processes are reversible, but the tine required to reach equilibrium on gelation increases, All the results 
presented below refer to equilibrium experimental conditions, 


Gels of 12.5, 20, 40, 60 and 66% concentration and air-dry gelatin were studied. In calculations of the 
volume expansion, given by the height of the mercury level in the capillary, corrections were applied for the 
volume expansion of free water in the gel, the glass, and mercury. 

Since 1 g of gelatin binds 0.30 g of water with liberation of heat, if the weight and concentration of the 
gel in the dilatometer is known the amount of free water in the gel and its coefficient of volume expansion can 


be calculated. 


Thus, the changes in the height of the mercury in the dilatometer capillary were calculated for the hy~ 
drated gelatin in the gel and not for the gel. 


* These results were presented together with the earlier data [1] at the Scientific Conference of the Moscow 
Textile Institute in October 1957, and at the All-Union Conference on Colloid Chemistry in May 1958 (in 


Tbilisi). 
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Fig. 1. Volume — temperature relationships for gelatin gels of different concentrations 
(in %) without a correction (a) and with a correction (b) for volume expansion of water. 


40 


Fig. 2. Volume — temperature relation- 


ships: 1) 66% gelatin; 2) air-dry gelatin. 
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Figure 1,a shows variations of the height of the mercury 
level in the capillary with the temperature for 12,5, 20, 40, 
and 52.8% gels without a correction for the volume expansion 
of water; Fig. 1,b shows the corresponding curves with the 
appropriate correction. It follows from Fig. 1 that this correc~ 
tion is especially important in experiments with 12-20% gels. 
For example, correct graphical interpretation of the curve for 
12.5% gel is impossible without this correction, This accounts 
for the erroneous nature of the V = f(T) graph in our earlier 
paper [2]. On further dilution of the gels (c < 12%) the correc- 
tion for the volume expansion of water becomes so large that 
nearly all the volume expansion of the system is due to non~ 
linear expansion of water, so that the volume changes corre- 
sponding to the hydrated polymer lie within the limits of ex- 
perimental error. It follows that dilatometric data for relatively 
dilute gels, determined by the method described, cannot give 
a correct picture of the volume changes in the structural net- 
work of the gel during fusion, 


The volume — temperature curves are of the form char- 
acteristic for polymer fusion, but the volumetric effect of 
melting is very small, The breaks on the curves correspond 
to the melting temperatures of the gels, Ty, determined both 
visually and from Q = f(T) curves where Q is the heat of solu- 
tion of the gel in urea solution [1]. The higher the gel con~ 
centration, the higher the melting temperature. The volume — 
temperature curve for air-dry gelatin does not have any char- 
acteristic points in the investigated temperature range (Fig. 2). 
It follows that to melt gelatin it is necessary to introduce a 
certain amount of water in order to overcome the more stable 
bonds, This is in agreement with the results of our thermo- 
chemical investigations, which showed that dry gelatin and 
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Fig. 4. Volume — temperature relation~ 
Fig. 3. a = f(T) relationships for gela~ ship: 1) for 60% gelatin gel in water; 
tin gels of different concentrations (%), 2) same gel in 8M urea solution, 


hydrated gelatin containing less than 30% water have negative temperature coefficients of their heats of solution 
in urea solution, whereas for gels dQ/dT>O, 


The results were used to calculate the temperature coefficients of volume expansion of the gels « = dh/dT; 
these are plotted against the temperature in Fig. 3. Figure 3 shows that a passes through a small maximum 
which corresponds to the melting range of the gels. This maximum is found at lower temperatures with decrease 
of the gel concentration. 


The volume effect of melting becomes more pronounced with decrease of the temperature at which the 
gel is formed and of the initial measurement temperature. Therefore with relatively dilute gels (15 and 20%) 
the measurements should not be started at 20° and higher, as was done in an earlier investigation [3]; this error 
led to incorrect graphical interpretation of the volume — temperature curve, and absence of corrections for the 
volurne expansion of glass, mercury, and free water also contributed to this. 


In the paper cited the volume — temperature relationship is represented in the form of two intersecting 
straight lines, the first of which has a less steep slope than the second, Variations of a are plotted in the form 
of a curve with a maximum, although clearly this cannot be true if the volume — temperature relationship is in 
fact represented by two intersecting straight lines, These data led the author to the erroneous conclusion that 
there is no volume effect of gelation. Neiman [4] found that addition of urea to gelatin gels does not influence 
the nature of the a = f (T) curve and that the maximum value of o is found at the same temperature, However, 
this is contrary to experimental data on the effect of urea on the properties of gelatin gels. To check these 
results we prepared a 60% gelatin gel in water and in 8 M urea solution, The resultant variations of the mercury 
level in the capillary and of o with the temperature, plotted in Fig. 4 and 5, showed that in presence of urea the 
melting temperature of the gel fell from 40 to 32°. Calculation of the heats of fusion of the gels by the equation 


All 


loge = = “> SRT -|- const 


(where c is the concentration of the gel and T is the fusion temperature) showed that urea has a significant effect 
on the heat of fusion of gels, lowering it almost 10~-fold (see table). 
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Effects of Urea on Heat of Fusion and Temperature of Fusion of 60% Gelatin Gels 


Gelatin gel in water Gelatin gel in 8 M urea solution 


Tm: °C | AH, kcal/mole 


AH, kcal/mole 


~5 


Fig, 6. Effect of volume expansion of water 
on the volume — temperature relationship; 


Fig. 5, a =f (T) relationship: schematic curves: 1) for gel; 2) for water; 
1) for 60% gelatin gel in water; 3) for gel after correction for volume ex- 
2) same gel in 8M urea solution. pansion of water. 


Graphical analysis of volume — temperature curves for gelatin gels shows that this relationship cannot be 
represented either by a straight line or by two intersecting straight lines. This follows from the fact that intro- 
duction of a correction for volume expansion of free water would in such cases lead to absurd volume — tempera~ 
ture curves calculated for 1 g of hydrated polymer, In the former case this relationship is represented by a 
curve convex toward the temperature axis and tending to cut the latter; in the latter case there are two inter- 
secting curves convex toward the same axis. 


If the volume — temperature relationship for a gel is represented by a convex curve, then introduction of a 
correction for expansion of free water would not result in any breaks in the curve. Introduction of a correction 
for volume expansion of water in the volume — temperature curves given in Fig, 6,a and 6,b, curves 1, gives 
volume changes observed in second-order transition or fusion of polymers (curves 3), Our experimental data 
correspond to fusion curves (Fig. 6,b). 


SUMMARY 


1, In analysis of dilatometric data on gelatin gels over a wide range of temperatures and concentrations 
(especially in the case of dilute gels) a correction for expansion of free water should be introduced in addition 
to corrections for volume expansion of glass and mercury, 


2. Introduction of urea into gelatin gels lowers the melting temperature and the heat of fusion of the 
gels, and shifts the maximum of the temperature coefficient of volume expansion of the gels toward lower tem- 
peratures, 


3. The form of the volume — temperature curves indicates that melting of gels is accompanied by a 
volume effect. 
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INFLUENCE OF ORGANIC SOLVENTS ON THE SOLUTION STATE OF 
DIRECT DYES AND ON THEIR RATE OF DIFFUSION IN CELLOPHANE FILM 


B. N. Mel'nikov and P. V, Moryganov 


The Ivanovo Institute of Chemical Technology, Department of the Chemical Technology 
of Fibrous Materials 


Addition of hydrophilic organic solvents such as pyridine and triethanolamine to dyebaths has a significant 
influence on the solution state of direct dyes. It was shown in a series of our earlier investigations [1-3] that 
such addition causes changes in the degree of dispersion of the dyes and of their affinity for the fiber. Changes 
of these properties influence the rates of diffusion of the dyes in cellulosic materials and the rates of dyeing as 
a whole, so that they are of great practical significance. However, because of the restricted range of organic 
solvents and of the lack of clarity in regard to the influence of solvent concentration on the solution state of 
direct dyes it was not possible to make definite generalizations concerning use of organic solvents as effective 
means for regulation of the dyeing process, The main purpose of the present investigation was to fill this gap. 
It was concerned with a study of the effects of various organic solvents on the solution state of direct dyes and 
on the diffusion rates of these dyes in cellophane film. 


To determine the influence of organic solvents on association or disaggregation of the dye particles the 
coefficients of diffusion of their solutions through porous glass plates were determined, The rate of penetration © 
of dyes into cellulosic materials in presence of various organic solvents in the dyebath was estimated from the 
coefficients of diffusion of the dyes in cellophane film, The experimental procedure was described previously 
[2, 3]. The coefficients of diffusion in solution were found from the equation: 

~ 2h P Cy 
Gees Keane e) 
where a is the calibration constant of the apparatus; 7 istime; is the ratio of the solution volumes on the two sides of 
the plate; c; isthe dye concentration (inner vessel) at the start (when the dye concentration in the outer vessel = 0 ); cy 


is the dye concentration in the outer vessel after time T. 


The coefficients of diffusion of dyes in cellophane film were calculated from the expression 
ds dc bP 
—— === So a SO 2 
dt es dx . D A(¢g—c1) ’ (2) 
where P = 7 is dye quantity diffused through the film in unit time (in mg/min.); b is film thickness (cm); A is 


film area (cm?*); cy and c, are the dye concentrations on each side of the film (mg/cc). 


All the experiments were performed with three direct dyes: Direct Sky-Blue K, Direct Diazo Black S, 
and Direct Pure Sky~Blue. The dyes were purified and analyzed by the methods described earlier [4]. The dye 
and electrolyte (common salt) concentrations were the same in all the experiments, 0,1 and 10 g per liter 
respectively. The only exceptions were experiments in which pyridine was used as the dispersing agent. In this 
case the sodium chloride concentration in solution was 70 g/liter with Direct Sky~Blue K and Direct Pure Sky~- 
Blue, and 50 g/liter with Direct Diazo Black S, The following organic solvents were used as additives to the 
dye solutions: pyridine, monoethanolamine, diethylamine, and polyvinylpyrrolidone. All the solvents used 
were chemically pure. Polyvinylpyrrolidone was used in the form of 30% aqueous solution. The diffusion co- 
efficients of the dyes in aqueous solutions were determined at 25°, This temperature was chosen because the 
experiments are more convenient to perform under such conditions and the accuracy of the determinations them ~ 
selves is somewhat higher. In all probability,at higher temperatures the influence of organic solvents on the 
dispersion state of dyes is similar but less pronounced. Diffusion of dyes in cellophane film was studied at 40°, 
as at 25° in absence of organic solvents direct dyes do not diffuse at all, so that the results cannot be compared, 
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Average Coefficients of Diffusion of Direct Dyes Through Cellophane Film Under Equili- 


brium Conditions in Presence of Organic Solvents in Solution 


_ Coefficients of diffusion in fi film D x 10", cm*/ min 
in presence of monoethanolamine, g/liter 


Dye 


Direct Pure Sky~Blue 
Direct Sky-Blue K 
Direct Diazo Black S 


0,24 4,30 2,16 2,70 3,22 2,19 
0,57 4,40 1,48 2,30 2,93 2,26 
0,48 0,73 0,96 1,09 1,23 2,07 


in presence of diethylamine, g/liter 


15 | 
Direct Pure Sky~Blue (),24 ipoe 295 5,44 3,74 
Direct Sky-Blue K 0,57 1,68 2,94 B14 3,08 
Direct Diazo Black S 0,48 0562 1,60 1,83 Tne, 


in presence of polyvinylpyrrolidone, g/liter 


0 | 0,1 | 0,25 1,0 | | 
Direct Pure Sky~Blue 0),24 0,54 Ov 0,413 
Direct Sky~Blue K 0,57 ‘igri 1 Oe 0,65 
Direct Diazo Black § 0,48 1,30 1,65 0,15 
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Diffusion coefficient, D - 1086 cm2/sec 


0 02 04 06 08 10 0 40 80.120 160 
Concentration of organic liquid, g/liter 4 


Fig. 1. Effects of monoethanolamine (a), diethylamine (b), 
polyvinylpyrrolidone (c), and pyridine (d) on the diffusion 
coefficients of direct dyes in solution: 1) Direct Pure Sky~ 
Blue; 2) Direct Sky~Blue K; 3) Direct Diazo Black S, 


Optical density 


0 
400 500 600 700 
Wave length, p 


Fig. 2. Spectrophotometric curves for Direct 
Diazo Black S: 1) aqueous solution; 2, 3, 4, and 
5) with pyridine at concentrations of 10, 25, 50, 
and 75% respectively. 


Fig. 3. Schematic representation of the forma- 
tion of complexes of polyvinylpyrrolidone with 
direct dyes: a) at low concentrations of poly- 
vinylpyrrolidone; b) at moderate concentrations; 
c) at high concentrations, 


The results are presented in Fig. 1 and 2 for dif- 
fusion in solution, and in the table for diffusion in ce]lo- 
phane film. 


It follows from the data in Fig, 1 that introduction 
of organic solvents into the solutions increases the co- 
efficients of diffusion, In each case there is an optimum 
addition of organic solvent at which the coefficient of 
diffusion of the dye in solution is highest. This means 
that above and below this concentration the size of the 
diffusing particles increases, 


In our opinion, this type of variation of the diffusion 
coefficients in solutions indicates that interaction occurs 
between the direct dyes and organic solvents. Incorpora~ 
tion of organic solvent molecules in large aggregates of 
dye anions and formation of solvation layers around the 
latter increases the degree of dispersion of the dye parti- 
cles. However, with increase of the organic solvent 
concentration the thickness of the solvation layers 
around the dye anions gradually increases, This leads 
to a decrease of the diffusion coefficients of the dyes in 
solution. 


The above views are confirmed to some extent 
by data on the absorption spectra of direct dyes in pyri- 
dine solution and in water. As an example, Fig. 2 shows 
spectrophotometric curves for Direct Diazo Black S, The 
curves for all the other dyes are of a similar character 
and relative configuration. The determinations were 
performed in the SF-2M recording spectrophotometer 
at dye concentrations of 30 mg/liter, Each spectroscopic 
curve has one or several maxima in the regions of visible 
light. One of the maxima is very pronounced, while the 
others, in the short-wave region, are weaker or may be 
entirely absent. Variations of concentration, temperature, 
and certain other conditions influence the ratio of the 
absorption maxima in the fundamental and subsidiary 
bands [5]. A relative increase of the short-wave maxi- 
mum occurs as the result of changes which, according 


to the results of physicochemical investigations, lead to increased association of the dyes in solution, With de- 
crease of the degree of association of the dye molecules the number of absorbing centers increases, and this 
leads to a relative increase of the long-wave maximum. 


Thus, variations of the ratio between the absorptions in the long~ and short-wave regions of the spectrum 
reflect changes in the degree of association in the dye solution and can therefore serve as a measure of such 
changes [6]. It may be seen in Fig. 6 that the absorption curve for the aqueous solution of the dye has a subsi- 
diary, although weak maximum in the short-wave region of the spectrum. With 10% pyridine this maximum is 
entirely absent, but it reappears on increase of the pyridine concentration from 25 to 75%, In the long~wave 
region of the spectrum the absorption maxima become more pronounced with 10% pyridine, but as the pyridine 
concentration in solution is increased they approach in magnitude to the absorption maximum for aqueous solu~ 
tions of the dye. This, like the results of diffusion determinations, indicates that when organic solvents are 
introduced into the dye solutions the dyes are first dispersed and then aggregated. 


The bathochromic shift of the absorption maxima for direct dyes in presence of organic solvents in solu~ 
tion also indicates that interaction occurs between the substances in question, This view is confirmed by the 
results of investigations [7~10] in which it was shown convincingly that interaction of direct dyes with a number 
of substances is associated with bathochromic shifts of the absorption maxima. 
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The data presented in Fig. 1,a,b, and c indicate that the maximum dispersing effect of organic sol- 
vents is found at relatively low concentrations in solution, Fig. 1,d and 2 indicate that this is not true of pyri- 
dine, However, this is not because pyridine has a weaker dispersing effect on direct dyes, but because the dye 
solutions in this case were less stable owing to the much higher electrolyte concentrations (from 50 to 70 g/ liter). 
It is obvious that under such conditions the dyes are much more highly aggregated and a higher concentration of 
pytidine in solution is required to disperse them. It follows that the optimum concentrations of organic solvents 
vary in accordance with the degree of aggregation of the dyes in solution. 


In contrast to all the other organic solvents, polyvinylpyrrolidone accelerates the diffusion of direct dyes 
in solution over a very narrow concentration range only. This is because polyvinylpyrrolidone molecules are 
large and can form network structures [11] in which the dye molecules act as bridges, as shown schematically 
in Fig. 3. 


These more complex formations evidently have very low mobility. Therefore the coefficients of diffusion 
of the dyes in solution decrease on increase of the polyvinylpyrrolidone concentration. 


The somewhat peculiar effect of polyvinylpyrrolidone on Direct Sky~Blue K is probably due to the fact 
that in solutions free from organic solvents this dye is more finely dispersed than the others, This is also indicated 
by the coefficients of diffusion, Therefore addition of polyvinylpyrrolidone, even in very small amounts, to solu~ 
tions of this dye does not favor dispersion but, on the contrary, leads to formation of particles larger than those 
present initially. 


The presence of thick solvation layers around the dye anions hinders mutual attraction of the solvated 
particles, increases their affinity for the solvent, and lowers their affinity for the fiber. All this has a strong 
influence on the rates of diffusion of direct dyes in cellophane film (see table), Comparison of data on diffusion 
of direct dyes in solution and in cellophane film shows that a maximum increase of the diffusion rate of a dye 
in the film does not always correspond to the greatest effect of dye dispersion in solution, For example, the 
maximum coefficients of diffusion of Direct Pure Sky~Blue, Direct Sky=Blue K, and Direct Diazo Black S in solu~ 
tion are found at monoethanolamine concentrations of 5 and 10 / liter respectively, whereas in diffusion in cello- 
phane film this solvent has the greatest influence at a concentration of 50 g/liter for Direct Pure Sky~Blue and 
Direct Sky~Blue K, and at 100 g/liter for Direct Diazo Black S, Similar results are found for other organic sol- 
vents such as diethylamine, 


The explanation of this peculiar influence of organic solvents is that migration of a dye in a cellulosic 
material is influenced considerably by the affinity of the dye for the active centers of the fiber, in addition to 
the particle size. It is natural to expect that the rate of diffusion should increase if the delay of the dye near 
the active centers of the fiber is diminished; in other words, if the affinity of the dye for cellulose is less. If 
this is taken into account it becomes understandable why the maximum increase of the diffusion coefficients of 
direct dyes in the film does not coincide with the most pronounced dispersing effect of organic solvents on the _ 
dyes, Evidently in some instances the retarding effect of the affinity of the dye for cellulose on diffusion in the 
film becomes very considerable, and therefore the coefficients of diffusion in the film increase greatly not at 
the instant of maximum dispersion of the dyes in solution but only after the rather thick solvation layers formed 
around the dye particles have greatly lowered the affinity of the dye to the fiber, 


The increase, although very slight, of the coefficients of diffusion of direct dyes in cellophane film in 
presence of polyvinylpyrrolidone in solution is evidently due to the fact that the large aggregates of dye anions 
break down into separate smaller particles or even anions, The attachment of these anions to the chain mole- 
cules of polyvinylpyrrolidone is fairly labile, so that they are able to leave the latter and diffuse through the 
cellophane film, At the same time, at high concentrations of polyvinylpyrrolidone the concentration of free 
dye anions capable of diffusing through the film falls sharply, thereby lowering the coefficient of diffusion of 
the dye in the film. However, the uniformity of dyeing of the film nevertheless improves. 


Intensification of dye diffusion within the fiber should be accompanied by an increase of the over-all 
dyeing rate. Preliminary experiments confirm this hypothesis. In all cases the rate of dyeing increases in 
presence of organic solvents in solution, This is especially prominent at low temperatures and short dyeing 
times, Moreover, addition of organic solvents to the dyebath increases uniformity of dyeing and improves 
through-dyeing of the cellulose material, 
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SUMMARY 


1. The coefficients of free diffusion of three direct dyes in presence of pyridine, monoethanolamine, 


diethylamine and polyvinylpyrrolidone have been determined at 25°. The concentrations of the solvents were 
varied over a wide range, 


2, When organic solvents are added to dye solutions the first effect is dispersion of the dyes owing to 
splitting of large aggregates and formation of solvation layers around the dye molecules. With subsequent in- 
crease of the organic solvent concentration the thickness of the solvation layers increases and thereby the particles 
as a whole become larger. 


3. An attempt is made to explain the results obtained on the changes in the state of aggregation of direct 
dyes by the use of absorption spectra of the dyes dissolved in water and in aqueous pyridine mixtures. 


4, The coefficients of diffusion of these dyes in cellophane film under equilibrium conditions and in 
presence of monoethanolamine, diethylamine, and polyvinylpyrrolidone in solution were determined at 40°,, 


5. The observed influence of organic solvents on the solution state of dyes also affects their diffusion in 
cellophane film. The diffusion coefficients are increased, on the average, 3 to 5-fold, but in some instances 
the decrease is more considerable (11 to 25~fold). 
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INVESTIGATION OF THE STRUCTURE OF IRRADIATED POLYSTYRENE 
BY LIGHT-SCATTERING, OSMOMETRIC, AND VISCOSIMETRIC METHODS 


I. G. Soboleva, N. V. Makletsova, and S, S. Medvedev 


The L, Ya. Karpov Physicochemical Scientific Research Institute 


It has been shown [1~3] that polymer branching can be estimated from determinations of molecular char~ 
acteristics, We used a model branched polystyrene [4] to demonstrate that the structure of the molecular chains 
can be studied by correlation of the molecular weight and size of the molecules in solution as determined by 
light scattering. In the present investigation we were concerned with application of the light-scattering method 
to investigations of the structure of molecular chains of polymers subjected to y ~radiation, 


It is known [5-8] that the action of y -radiation on polymers results in extensive changes in the polymer 
chain structure owing to rupture of C-C and C—H chemical bonds, Either degradation of the molecular chains 
or formation of nonlinear molecules and spatial networks prevails, depending on the irradiation conditions and 
the nature of the radicals formed, When y~radiation acts on polymer solutions, the products formed by decom- 
position of the solvents also take part in these processes, 


For the purposes of the present investigation the polymer had to be completely or partially soluble after 
irradiation, with molecules in solution not smaller than 500 A. 


As the result of preliminary experiments a was chosen for the investigation, as it is one of the 
polymers which are most resistant to radiations, 


In contrast to polystyrene, such polymers as polyisoprene and polymethylmethacrylate decomposed with a 
considerable decrease of molecular weight (Table 1) when acted upon by relatively small doses of radiation 
(~3-10r) in 1% solution, so that the molecular size in solution could not be determined by the light-scattering 
method. 


The molecular weight (from light scattering) and viscosity of polystyrene solutions were determined in 
toluene after twofold reprecipitation of the irradiated polymer. The results of experiments on which the choice 
of the irradiation conditions (radiation dose and solvent) for polystyrene were based are given in Fig. 1 and 2, 


It follows from Fig. 1 and 2 that a radiation dose of 7-1 0% produces only slight changes in the molecular 
characteristics of polystyrene. However, irradiation in dichloroethane greatly lowers the viscosity of polystyrene, 
probably because of incorporation of chlorine in the molecule, Increase of the radiation dose produced an increase 
of the average molecular weight in all solvents, with a simultaneous decrease of viscosity; this was especially 
prominent in dichloroethane. 


It is known that the average molecular weight determined from light scattering is the weight-average 
value while z is the average value, It follows that if the distribution function is unknown these values can be 
compared only for monodisperse systems. Therefore the subsequent investigations were performed with narrow 
polystyrene fractions, Polystyrene was irradiated in benzene solution at room temperature in absence of oxygen; 
the integral dose was 35+10°r, The polymer consisted of an average fraction (bulk polymerization at 20° in 
presence of 0.01 mole of benzoyl peroxide per liter) which could be separated into narrower fractions by frac~- 
tionation from solutions containing 0.05 g/100 ml. The need for such high dilution was demonstrated by special 
experiments on fractionation of a solution made by mixing of two maeniOns (M = 2.6°10° and M = 0.36° 10°) one 
of which (with the lower molecular weight) contained labeled carbon, Sah 
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TABLE 1 


Changes of the Molecular Characteristics of Polyisobutylene and Polymethylmethacrylate 
Under the Influence of y -Radiation 


Fiona axons Sane Inte ral mn Intrinsic vis~ 
Solvent (irradia lose, Pye a es Dissym ly [1], 
Polymer tion conditions) |f * 10 iy h A asies oefficien 100 ml/g 
1 butylene me () 1080 ARG? Thal 
roe? Hexane (),72 260 110 A AS 
Heptane date 180 1,00 = 
Polymethylmeth~ Pp 0 3000 1170 72 
ee Film 2,88 2000 1,58 pes 
Benzene 2,88 990 Teese 10: 
Dichloroethane 1,44 710 1,19 1,30 
TABLE 2 


Control Fractionation of a Mixture of Two Polystyrene Fractions 


Number of 
; Contents of polymer 
Fractions studied pulses per 
of low m. wt, % 
3 minutes 
Original mixture 1650* 16.9 
Fraction of high molecular weight after first 195 1.64 
reprecipitation from solution, c = 0,05 
g/100 ml 
Fraction of high molecular weight after third 0 0 


reprecipitation from solution, c = 0.05 g/100 ml 
* Calculated from the activity of the portion of low molecular weight. 


The fractionation results are presented in Table 2, Complete separation was achieved after the third re- 
precipitation, 


The irradiated polystyrene was fractionated as described above, The results of determinations of the 
molecular characteristics of narrow fractions isolated from 1% polystyrene solution in benzene before and after 
irradiation are given in Table 3, 


The molecular-weight distribution curves (Fig. 3 and 4) show that irradiation results in a considerable 
broadening of the distribution, Fractions of lower molecular weight are predominant, The root mean square 
radius of the molecules in solution decreases somewhat after irradiation, The intrinsic viscosity of irradiated 
polystyrene fractions is also somewhat lower than that of the original polystyrene fractions, The decrease in the 
size of the molecules in solution, as indicated by direct determinations of light scattering and by the viscosity 
decrease, is evidence of molecular chain branching. The ratio of the radius of a linear polystyrene molecule 
to the radius of an irradiated molecule of the same molecular weight varies from 1.2 to 1.6, possibly owing to 
different degrees of branching, However, the interpretation of these data may be ambiguous because of the 
anomalously high polydispersity of the fractions (such as fractions 5 and 7, Table 3) found despite the careful 
fractionation, The simultaneous precipitation of molecules of different molecular weights from solution serves 
as indirect evidence of differences in their structure, 


The explanation that the polystyrene fractions have a higher content of products of low molecular weight 
(40%) than of high (15%) after irradiation may be that the polymeric radicals formed as the result of rupture of 


602 


Ld 
i] 
i=) 
a 
2 5 
g 3 
E ay 
3 a 
HO pn 
@ 
Dose: 1076r ao 
Dose: 10°8 y 
Fig. 1, Effect of radiation dose on Fig. 2. Effect of radiation dose on 
the molecular weight of polysty~ intrinsic viscosity of toluene solu~ 
rene, irradiated in 1% solution: tions of polystyrene, irradiated in 1% 
1) in dichloroethane; 2) in cyclo~ solution: 1) in benzene; 2) in cy~ 
hexane + 4% benzene; 3) in di- clohexane + 4% benzene; 3) in di- 
chloroethane, chloroethane, 


0500 1000 1500 2nn0 2500 Mi0° 
Fig. 3. Integral molecular weight dis- 
tribution curves for polystyrene: 1) ori- 
ginal polystyrene; 2) irradiated poly~ 
styrene. 


C-—C bonds are mainly lost under these conditions by 
interaction with the solvent and with the degradation 
products of low molecular weight, Branched mole- 
cules are formed in solution under the influence of 

y -tadiation as the result of recombination of poly~- 
meric radicals. 


Fig. 4. Differential molecular weight 
distribution curves for polystyrene: 1) ori- 
ginal polystyrene; 2) irradiated polystyrene, 


Recombination of polymeric radicals occurs to a slight extent even in highly dilute solutions, The pro~ 
portion of polymer of low molecular weight which entered into molecules of high molecular weight as the re~ 
sult of recombination was estimated in special experiments with radioactive polystyrene, A mixture of equal 
amounts of polystyrene fractions with molecular weights of 1.5- 10° and 0.3-10° was irradiated in film form 
(dose 18,2+10° r) and in benzene solution containing 0,3 g/100 ml (dose 29,0- 10°r), The polystyrene of low 
molecular weight contained labeled carbon (c’), and it was thus possible to follow the fractional distribution 
of this component of the original polymer. The fractional composition, in weight percentages, of the original 
polymer and the polymer after irradiation in film form and in solution is given in Table 4, 


Table 4 also shows the fractional distribution of the low: molecular weight portion of the original poly~- 
mer (M = 0.3: 108) after irradiation. 
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TABLE 3 


Molecular Characteristics of Fractions Isolated From Polystyrene Before and 
After Irradiation 


A; 
| Molecular weight, Root mean Intrinsic vis- 


Polystyrene Gontents,| M* 10-8 square cosity["], 
fractions Yo by light | osmotic Sep dele 100 ml/g 
scattering method | 4 ; 


Not irradiated 


4 11,6 2300 — 600 Dee 
2 4,0 1500 ier. rd 4,5 
3 70,0 4360 — 390 3,6 
4 14,4 4000 a 390 3,2 
Irradiated 
n 7,6 2900 a 450 4,80 
2 12,5 1450 pie 4:0 2,90 
3 24,1 4200 — 370 3,00 
4 9,8 1050 as st 2,70 
5 44:4 4000 400 360 2,20 
6 12,0 8:0 785 2,45 
7 15,0 570 Zio 1,90 
8 Tae — 80 — 1235 
9 0,7 = 67 — 


TABLE 4 


Fractional Distribution of Radioactive Polystyrene of Low Molecular Weight in Accordance 
With Irradiation Conditions 


Polystyrene irradiated | Polystyrene irradiated in 


Original polystyrene benzene solution (c = 
# ag ba iba tos 29.5 g/100 mi) 

° =) ° a =] : 

A be: oS 3 : 0 @\° 
a | oe. las be be5 ~|aH |S | Soe 42 ‘3 | SZ. 
g Les S21 4 oo 2 Me HOO 
2 | 25|88| 33) s86/28/ 2%) 886 | 38: | 8%] 886 
os Oe oo a — aoa m ag = O8 Loe ao 5 
£ | 2s|88| 22] 822/885 22] 822 | 88% |2z| 833 
4 | 4000 — — — 38,5 | 1524 32,0 —_ — — 

2 ..\)-2000 — = — — — — eve 390 8,2 
3 | 1500 50 0 0 — — T= iss = ae 

4 300**| 50 | 4756 100 _- — — — — = 

Be 1g 00 lt eat “ee Bs 43,2 | 3272 | 68,8 Gs ais no 

6 80 — — = — — — 40,1 2654 99,6 
7 50 - 4,7 | 3058 64,0 37,8 1898 39,8 

] 

Losses oe | a | — | 3,6 | — | ~- | 5,0 | ae | = 


* Pulse counts for 2 minutes, 
* *Radioactivity of the fraction taken as 100, 
***The polymer contained 10% of insoluble material. 


Thus, the amount oF polystyrene of low molecular weight which entered as a component of molecules of 
molecular weight 2.5-10° on irradiation in dilute solution was 1.4% of the original mixture or 2.8% of the com- 
ponent of low molecular weight, 
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An. interesting feature is the presence of an appreciable amount (4.7%) of polymer of low molecular weight 
in polystyrene irradiated in film form, This is probably mainly due to interaction of hydrogen split off with the 
polymeric radicals, 


SUMMARY 


1. When y~radiation acts on a narrow fraction of linear polystyrene dissolved in benzene (c = 1.0 g/100 
mi) the molecular weight distribution {s broadened considerably and the molecular chains lose their linear struc- 
ture, 


2, Labeled polystyrene (with c'*) was used to demonstrate the extent of the participation of polystyrene 
of low molecular weight in formation of large molecules in dilute solutions (by recombination of polymeric 
radicals) under the influence of y -radiation, 
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THE STATES OF AGGREGATION OF HIGH POLYMERS 


5. TYPES OF PACKING OF MACROMOLECULES IN CONDENSED PHASES 


S. I. Sokolov and R, I, Fel'’dman 


The Moscow Institute of Chemical Equipment Construction 
The N. K. Krupskaya Moscow Regional Pedagogic Institute 


The states of aggregation [1, 2] of high polymers are characterized not only by the coordination and 
packing of the individual chain segments or primary structural elements, but also by what may be termed chain 
packing. This term is taken to mean the mutual spatial orientation of large regions of the chains in a particular 
configuration, Most of the schematic representations of chain arrangement in systems with a polycrystalline 
structure or in amorphous systems which have signs of order in individual microregions, given by various authors, 
show parallel chain orientation in some regions and random arrangement in others, In general, if the chain 
packing is to some extent ordered, a segmentary character of chain packing is postulated, In our present state 
of knowledge these general concepts may be regarded as acceptable. However, here we wish to focus attention 
on one aspect which is usually avoided and is discussed only in a few special cases as a matter of independent 
interest. The point is that ordered regions may be composed either of segments of different chains or of seg- 
ments of the same chain if this is long enough. We consider that either situation may arise in practice. There- 
fore two main types of chain packing may be recognized: in the first type each chain passes through a series 
of ordered and random regions, roughly in the same direction, and if the direction does change this occurs with~- 
out sharp turns leading to return, This may be named the rectile type of chain packing (rectus, straight), In 
the second type of packing the chains turn in the reverse direction at individual points, forming folds of various 
extents; this may be named the flexural type of chain packing (flexuralis, folded), 


The ability of chain molecules to form folds with parallel arrangement of the individual portions under 
favorable conditions can hardly be doubted, For example, it is known that the molecule of oleic acid in a 
saturated monomolecular adsorption layer occupies twice the area occupied by a molecule of a saturated fatty 
acid[3]. The explanation is that the oleic acid molecule is folded in half lengthwise. 


The presence of folds in crystallizing high polymers was established, on the basis of structural investiga~ 
tions, by Storks for gutta~percha [4] and by Keller [5] for polyethylene, In these cases we have a well-defined 
flexural type of chain packing in the crystalline regions, Numerous observations of the behavior of chain poly~ 
mers, especially in the stretched state, provide what inour view is is very convincing ,even if indirect, evidence 
of the existence of flexural packing in many other polymeric systems, 


It must be pointed out that ordered regular folds, which constitute the most typical and interesting case, 
may be of two different types: microperiodic and macroperiodic, We apply the term microperiodic to folds con- 
sisting of a small number of monomer units each. Their main feature is that as the result of unfolding under the 
influence of any factor, such as mechanical stretching, a new structure is formed, which gives a different pattern 
in x-ray and electron-diffraction analysis. Macroperiodic folds, with the same arrangement of segments along 
their length as in extended and parallel chains, do not give rise to structures differing in their diffraction patterns 
from those found in their absence, 


The formation of folds with a short-range period was postulated in many instances if the materials under 
investigation gave different x-ray patterns after definite treatments in conjunction with mechanical stretching. 
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Fig. 1. Action of a tensile force with different fold orientations 


The classic example of this is the natural protein material keratin, studied in detail by Astbury [6]. Keratin 
can exist in three modifications which differ in their x-ray diffraction characteristics, Astbury postulated that 
they differ in the configuration of the polypeptide chains, The 6 -modification is considered to consist of fully 
extended chains, the a-modification has chains with small regular folds, and supercontracted chains have some~- 
what deeper folds, Similar views have been advanced with regard to other polypeptides [7]. 


When one modification of gutta~percha passes into the other, a similar unfolding of microperiodic folds 
apparently takes place, with a change in the x-ray pattern, 


If we do not confine ourselves only to consideration of highly-ordered regular folds in polymers, then we 
can find indirect evidence that elements of a flexural type of chain packing can also be found in polymers 
which do not crystallize but have many features in common with crystallizing polymers. For example,some 
amorphous polymers such as polystyrene exhibit under certain conditions the effect of "neck formation” during 
extension, typical of crystallizing polymers, and when in the glassy state have the so-called “enforced” elasticity 
(8], strongly reminiscent of "cold drawing” in polyamides and similar polymers, 


Finally, the concept of folds of an even lower degree of order, mobile, and constantly varying under the 
influence of thermal motion, has long been used to account for the structure of polymers in the high~elastic 
state, when they have rubberlike properties, In such cases chain coiling with formation of random folds an the 
ability of the chains to uncoil under the influence of external tensile forces is associated with the important role 
of thermal motion, Coiling is considered as an entropy effect, i,e., transition of the chains into a more probable 
state under the influence of thermal motion, 


However, as is clear from the foregoing, the present discussion is concerned with formation of folds with 
some measure of order, mainly macroperiodic. This effect should be regarded as the result of the action of 
forces of attraction between monomer units of neighboring segments of the same chain, i.e., as an energy effect. 
Formation of folds of this type is accompanied by a decrease of entropy. Most probably random folds formed as 
the result of thermal motion form the basis for formation of a set of organized folds (a flexural aggregate), 


The presence of a macroperiodic flexural type of chain packing, not detected directly by X-ray or electron 
diffraction, may be revealed by a number of particularly "sensitive" properties which reflect structures of this 
type. Foremost in this respect is the behavior of such materials during deformation, It is known that certain 
polymers, when in the glassy or partly crystalline state, can increase their linear dimensions severalfold in the 
direction of the extension axis without destruction, 


The extension 4, which is the ratio of the length 2 of the extended specimen to the initial length 7g, can 
be as much as 4~5, and in some instances reaches values of 10 and over, This effect can be attributed only to 
uncoiling of chains which are strongly coiled with fold formation, 


An unoriented specimen of a material such as a polyamide before it is stretched may be imagined to con- 
tain folds in the form of packets oriented in a great variety of directions (Fig. 1). 


A tensile force applied at a certain angle ¢ to the direction of the segments in an aggregate can be re- 
solved into two component forces, directed along and normally to the segment lengths (Fig. 1,a), The normal 
component acts as a breaking force against the single intermolecular bonds between the individual units in the 
segments; its value is 


Jenn = fy sin Q, 
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where f 9 is the total tensile force applied to the specimen; 
fs fpr is the breaking component; ¢ is the angle between the 
wh direction of the segment and the total force. 


The longitudinal component is a shearing force acting 
against the sum of all the bonds along the segment; its value 


is 
fshr = Jo cos 9 
0 € 
The breaking force has the maximum value, equal to 
Fig. 2, Schematic course of an extension the total force, if the orientation of the fold is at right angles 
curve with opening of folds, to the force applied to the specimen (Fig. 1,b). The action of 


this force should lead to consecutive opening of the folds as 

the result of rupture of the bonds between consecutive units, 
Consequently, folds situated at an angle of 90° should be the first to open, as this requires the least total force. 
This should be followed by opening of folds (or packets of folds) situated at smaller angles, Folds situated with 
their axes in the direction of the applied force can be opened only by shear of the segment as a whole with 
simultaneous displacement of the bend (Fig. 1,b), This should require a considerable force and it is possible 
that if the force is great enough chain rupture leading to failure of the specimen may occur instead of shear. 


The general form of the extension (€) — stress (o) curve, when there is no general structural orientation 
in the specimen, is shown in Fig. 2, 


The presumed form of the extension curve is generally confirmed by experience. The maximum denoted 
by the dash line in Fig. 2, frequently found in practice, may be due to the presence of a certain number of 
chains in the rectile configuration, without folds, in the mass of the specimen. Such chains offer additional 
resistance which must be overcome by rupture of these chains or in the course of irreversible flow. 


Simple consideration of the process of fold opening leads to the conclusion that when a packet of folds 
(an individual flexural aggregate) is opened the total elongation depends on the depth of the folds, i.e., their 
length between two flexure points, If the folds were opened by a shearing mechanism, which is unlikely, elonga- 
tion would be determined by the number of folds in an aggregate, 


The possible elongations which may occur in presence of folds of different lengths may be estimated by 
simple calculations, For example, in polypeptide chains of fibrous proteins we have monomer units ~3 A in 
length along the chain, The equilibrium distance between the chains is ~4,5 A, Therefore when a fold 3 units 
long, with a total length of 9 A, is opened, the distance in the direction of the acting force increases from 4.5 A 
to 9 A, which is equivalent to elongation \ = 2. Fourfold elongation is obtained with folds 6 units long, and 
dX = 10 is obtained with 15 units in the fold. 


It may be assumed that with folds 5-6 units and more in length the elongation effect may be regarded as 
corresponding to folds of a macroperiodic character, 


In all probability, the determining role in all the situationsdescribed above is played by packets of folds 
on minimum depth, as after they have been opened further elongation may occur either by shear of the straightened 


chains, or by chain rupture. 


In crystallizing polymers the uncoiled chains, oriented in one direction, may naturally form new crystal~ 
lites, oriented along the extension axis; i.e., some of the crystallites undergo recrystallization in the course of 
deformation. The rest of the crystallites apparently remain unchanged, 


We have considered only a part of the effects which may be associated with flexural chain packing. 
Many other known facts concerning states and processes in the field of chain polymers can be understood better 
in the light of the foregoing concepts. These include characteristic behavior of films and threads of polyamides, 
polyesters, polyethylene, and other substances in the course of preparation, processing, and testing; formation of 
different types of crystalline regions; numerous observations made with the aid of the electron microscope, etc, 
In a broader aspect, we may refer to the connection between concepts of chain folds, fixed and stabilized to a 
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certain degree, and problems of protein structure,such as coiling of chain macromolecules not only in the con- 
densed but also in the dissolved state. The concepts of the structure of flexural aggregates must themselves be 
detailed more closely; for example, in relation to the structure of the flexural points of the chains in certain 
concrete examples, classification of aggregates in accordance with the number and length of the folds, regularity, 
and structure of plane and volume aggregates, Of great importance in this connection is the question of the 
general flexibility of chains of different structures and of the possible presence in the chains of regions of es~ 
pecially high flexibility, such as are assumed in protein molecular chains. Instances of rigid chains or individual 
regions (segments) of low flexibility are equally important. 


We consider that the problem of formation of folds, with a certain degree of order, is closely associated 
with the problem of formation of periodic structures with long identity periods, Periodic structures are observed 
in a number of natural and artificial substances by means of low~angle X-ray scattering and of the electron 
microscope. 


Special forms of flexural packing of chain macromolecules with a high degree of order, fixed by systems 
of specific bonds (hydrogen bonds, salt bonds, coordination bonds involving complex~-forming metal atoms, etc.) 
are of undoubted significance in biological formations involving high polymers, 


The above concepts of a folded (flexural) type of polymer chain packing, which in the first instance is 
confirmed by only a limited number of examples [4, 5] are advanced by us as a working hypothesis. It is im- 
portant not only because it provides an explanation of certain observations, but also because it raises a number 
of problems for further investigation, The results of such investigations may give an indication of the extent to 
which structures of the flexural type or structures of an allied intermediate character are to be found, 

SUMMARY 


1, The existence of two extreme types of packing of chain molecules in polymeric systems is postulated; 
these are: a) the rectile type, with parallel coordination of different macromolecules only, and b) the flexural 
type with parallel coordination of segments in the same chain, forming more or less regular folds with turns 
through 180°, 


2. It is pointed out that the presence of folded formations (flexural aggregates) in polymeric systems is 
reflected in their texture and behavior, especially in deformation processes. 


Some characteristic features of the behavior of polymers in the crystalline and glassy states (cold flow, 
enforced elasticity) are considered to be directly associated with opening of folds with definite orientation, 


3. Attention is drawn briefly to a number of problems relating to properties of polymer systems, which 
may be approached and studied in a new manner by suitable experiments with the possibility of formation of 
more or less regular folds in the chain molecules being taken into account, 
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THE STRUCTURE OF GELS 


18. INFRARED SPECTRA OF GLOBULAR CASEIN 


D. N. Shigorin and P. I. Zubov 


The L, Ya, Karpov Physicochemical Institute 


Casein was obtained earlier [1] in a globular form; investigations of its physicochemical properties showed 
that on interaction with water at room temperature it dissolves and gives solutions of low viscosity. After re~ 
moval of the solvent, globular casein forms films which are considerably weaker than films of fibrous casein, 
Under the influence of alkalies, globular casein can undergo denaturation (a precipitate is formed), Electro~ 
chemical investigation with the aid of a glass electrode showed that globular casein contains fewer alkaline 
groups than fibrous, 


The infrared absorption spectra of both forms of casein were studied in the present investigation, The 
spectra were determined by means of the IKS~II spectrometer with a lithium fluoride prism. The infrared ab~ 
sorption spectra of casein films are given in Fig. 1; it is seen that in the spectrum of globular casein (curve 1) 
the —-N= a bonds in peptide groups (= HN~C =O) give rise to three bands at frequencies of 3080 cm“, 

3200 cm™, and about 3300 cm=!, whereas in the spectrum of ordinary (fibrous) casein (curve 2) pes is no band 
at 3200 eae and only the ~3080 and 3300 cm™ bands are present. 


It should be noted that the infrared spectrum of globular casein in the investigated region bears a great 
similarity to the spectra of a-keratin or wool fibers (Fig. 2), whereas the spectrum of fibrous casein is analogous 
to the spectrum of fibroin or natural silk fibers. 


In investigations of the infrared spectra of a-keratin, wool fibers, fibroin, and natural silk fibers [2, 3] 
it was shown that the 3200 cm! band is due to valence vibrations of -N—H... groups in coiled a-peptide chains 


! 190 v(CH)  v(N-H.......0) 100 v(CH) v(N-H........ 0) 


= 
= 8 
BNNs 


2900 3000 3100 3200 Y,crm*! 


Fig. 1. Infrared absorption spectra of 
globular (1) and fibrous (2) casein. 


within which hydrogen bonds are formed with the aid 2800 3000 3200 ~v,cm~! 
of these groups. The 3300 cm~ and 3080 cm™ bands 
are assigned to valence vibrations of N—H groups in 

the peptide chains, where they form two types of hy~ 
drogen bonds corresponding to cis and trans positions 

of the NH— and C=O groups. In extended (8) poly~ 
peptide chains the latter frequencies are fundamental. In coiled (@) chains a band at 3200 cm “1 is observed in 
all cases in addition to the 3080 and 3300 cm“ bands, This distribution of the bands due to valence vibrations 


of the groups agrees with x-ray structural data for o-keratin and fibroin, 


Fig. 2. Infrared absorption spectra of poly- 
amides: 1) a-keratin; 2 and 4) wool fibers; 
3) pure fibroin; 4) natural silk, 
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Comparison of the infrared absorption spectra of globular and fibrous casein with the spectra of o-keratin 
and fibroin leads to the conclusion that the peptide chains are coiled (the a-form) in globular casein, and ex~ 
tended (the 8-form) in fibrous casein, 


We consider that the specific characteristics of globular casein, and in particular its solubility in water, 
are primarily due to the fact that in conversion into the globular form the polypeptide chains pass from the 6B - 


into the a-form, 


SUMMARY 
1. The infrared absorption spectra of globular and fibrous protein have been studied, 


2. The polypeptide chains are of the a-form in globular and of the 6 -form in fibrous casein. 
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LETTERS TO THE EDITOR 


THE ADSORBABILITY OF CARBOHYDRATES 


M. S. Shul'man 


Scientific Research Institute of the Alcohol, Liqueur, and Vodka Industry, Moscow 


It was shown [1] that at the concentrations studied (up to 0.2%) arabinose, sucrose, and glucose have little 
effect on the height of the polarographic oxygen maximum, whereas maltose has an appreciable lowering effect 
on this maximum, 


It was desired to determine the limiting concentrations of the sugars at which the oxygen maximum is 
completely suppressed, 


Since the adsorbability of sugars is low, these investigations were conducted with 20% solutions of the 
sugars in 0.02 N KCl solution (to give a constant concentration of potassium chloride on addition of considerable 
amounts of the sugar solutions), 


The results of these investigations (see table) showed that the sugars studied form the following series in 
order of their activity in suppressing the oxygen maximum: maltose > arabinose > glucose > fructose > sucrose. 


Suppression of the oxygen maximum by sugar solutions is represented graphically in the figure. The dif- 
ference between the maximum and the residual current corresponding to 0.02 N KCl was taken as 100%, and the 
corresponding differences after additions of the sugars were calculated in percentages relative to the original 
KCI solution, 

Suppression of the polarographic oxygen maximum by sugar solutions is associated with an adsorption proc~ 
ess on the surface of the mercury drops, discussed in detail earlier [2-3]. 


Our investigations [4] showed that the sugars in question form the following series in order of the activity 
of their reduction at a dropping mercury electrode: fructose > arabinose > xylose > maltose > glucose (sucrose is 


not reduced), 
' Suppression of Oxygen Maximum by Sugar 
Concentration in 2 N HCl re 


Concentration of sugar 
solution 


Maltose 2.51674 20 
Arabinose 2.11077 nee Retlise: a eats 
UY. YS Th UES TE 
Glucose 56-1077 
Effect of sugars on the polarographic wave 
.Pructose 6.1-10% ' : 
height of oxygen: 1) maltose; 2) arabinose; 
Sucrose 33.6-107 3) glucose; 4) fructose; 5) sucrose, 
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in studies of suppression of the oxygen maximum in 


An error was recently discovered in the earlier paper [1]; 
ted in the paper, in 1% concen- 


the sugar solutions (glucose, maltose, sucrose, and arabinose) were prepared, as sta 
trations, whereas the concentration of the starch and dextrin solutions was 0.1% and not 1%, 


Accordingly, the limiting adsorption (complete suppression of the oxygen maximum) occurs at 0.006% and 
not 0.06%, 


Therefore the concentrations of the solutions of polymeric carbohydrates given in the table in the article 
[1] must be divided by 10, 


This error was detected during development of a polarographic method for determination of oxygen in 
media used in yeast production [5], 


The results of additional investigations showed that the limiting adsorption of solutions of starch pastes 
and dispersed starch, at which complete suppression of the oxygen maximum occurs, is in the 0.0045-0.0060% 
range. 
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September 9 of this year was the 60th birthday and marked the completion of 35 years of scientific, teach- 
ing, and social activity ofthe President of the Academy of Sciences USSR, Academician Aleksandr Nikolaevich 
Nesmeyanov. 


A. N. Nesmeyanoy’s scientific and teaching activity embraces a wide range of problems in theoretical and 
applied chemistry. He was the originator of a most important trend in the chemistry of metalloroganic com - 
pounds, and recently he has been studying telomerization reactions with outstanding success; in the course of this 
work he has solved the problem of production of a new type of polyamide fiber. 


Thus, A. N. Nesmeyanov's researches have penetrated into the field of colloid chemistry of high polymers. 


The Editorial Board of Kollodnyi Zhurnal offers him jubilee greetings and the best wishes for health and 
further successes in scientific and social activity. 


Editorial Board of Kolloidnyi Zhurnal 
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GENERALIZATION OF THE 
THEORY OF G. V. TROITSKII'S METHOD 
FOR OPTICAL RECORDING OF MIXTURE COMPOSITIONS 


Ya. M. Bikson 


The Borisoglebsk Pedagogic Institute 


Troitskii [1-3] proposed a new method for optical recording of the concentration gradient of mixture com- 
ponents, arising as the result of electrophoresis. In the previous paper [4] we presented the theory of this method 
in relation to one variant of the optical system. It was shown that if the parameters of the optical system are 
suitably chosen the Troitskii method gives a higher resolving power than the corresponding variant of the Svensson 
method [5]. However, since Svensson's theory was presented by him in the most general form and is applicable 
to any variant of his optical system, a corresponding generalization of our proposed theory of the Troitskii method 
is desirable. 


Figure 1 represents certain variants of the recording optical system conforming to the Troitskii method. The 
systems shown here differ from the corresponding systems given by Troitskii [2] by the presence of a small-aperture 
diaphragm used as a point source of light. By restricting the light beam which passes through the optical system 
the diaphragm diminishes the intensity of the rays forming the electrophoretic diagram but, as follows from the 
theory [4], it confers higher resolving power on the system.* 


The principle of focusing of the light rays is the same in all the different arrangements of the optical sys- 
tem. The light source A is projected by means of the short-focus lens B onto the small aperture of the diaphragm 
C. The lens system (or single lens) D, F gives an image of the small aperture C in the plane G. The system of 
lenses (or single lens) F, H gives an image of the electrophoresis vessel E on the photographic plate K.* * The 
inclined cylindrical lens J, which introduces astigmatism into the optical system, is placed between G and K in 
such a manner so that the foci of the sagittal beams from the plane G and the foci of the meridional beams from 
the cell C coincide on the plate. 


For the first of the variants of the optical system shown in Fig. 1 a basic equation was derived connecting 
the area S covered by the electrophoretic diagram, the concentration c of a component of the mixture, and the 
angle @ between the lens J and the vertical: 


S= 5 amlK Ac sin 20, (1) 


where a is the thickness of the electrophoretic cell; m is the constant in the equation of proportionality between 
the refractive index of the solution and the concentration of the solute; 1 is the distance between the planes G 

and K; K, is the magnifying power of the cylindrical lens; Ac is the difference between the maximum and min- 
imum concentrations of the component; this is in practice equal to the concentration of the component in solution. 


*In the Svensson apparatus the combination of two crossed slits restricts the light beam to almost the same extent. 
** In absence of the lens J (one of the cell faces is meant; the front face, for the sake of definiteness). 
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Another important result of the theory is estimation of the minimum concentration Ac; of the component 
detectable by the apparatus 


== —— (1 -++ cot 0)Az, 
(2) 
where K is the magnifying power of the lens system D, F; K, is the magnifying power of lens F; ¢ is the dia- 


meter of the small aperture in the diaphragm; At is the boundary layer in which the concentration gradient of 
the given component arises after electrophoresis. 


es i as | = 
AmB tC DCE G oH J K 
Fig. 1. Different arrangements of the components of the 
optical system. 


The most rational method for generalization of these results is by the use of Svensson"s concept of active 
distance [5]. 


Suppose that between the planes P and Q there is a system of lenses which gives images of points in plane 
P on plane P’ with magnification Kp, and of points in plane Q on plane Q’ with magnification Kg. The distances 
between the respective planes denoted by PQ’, P'Q, P'Q'. Then the effective path PQ between planes P and Q is 
the quantity PQ’/ K,.__ If the magnification K is taken as positive for an upright image and negative for an in- 
verted image, the following definitions of the effective path may be shown to be identical; 


(3) 


Figure 2 (from Svensson’s monograph) illustrates the application of the active-distance concept. The planes 
P and Q are on the two sides of the lens; P* is the image of the plane P (real in Fig. 2, a and virtual in Fig. 2, b). 
Two rays enclosing the angle A @ from plane P are refracted by the lens and converge at a certain point in plane 
P’, They cut plane Q at points Q; and Q,. The distance Q,Q, is the product.of P’Q and the angle Q,P"Qs, which is 
equal to Ag /Ky. Therefore 


Q1 Qs = Fe Ag = PQAg. (4) 


in particular if A @ is the angle of deviation of the rays in the electrophoretic cell (due to the existence 
of a concentration gradient), then the displacement Z of the image of the diaphragm C in plane G (Fig. 1) caused 
by this deviation can be found from the expression 


Z = Iho, (5) 


where 1 is the active distance between planes E and G. 
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p L Q (b) 
Fig. 2. Application of the active-distance concept. 
Equation (5) is the general form of Equation (6) in our preceding paper [4]. By using this equation and 


performing consecutively all the calculations indicated earlier for the possible different arrangements of the 
optical system we find general expressions for the area S covered by the electrophoretic diagram. 


S = = almKy,Ky;;Ac sin 20, (6) 


and for the resolving power of the optical system 


Ac; = Kr— ~ + cot 0) Az, 


(7) 


where K;, is the magnification of the image of the diaphragm; Ky is the magnification of the image of the vessel 
(for the meridional rays); Ky is the magnification of objects in plane G (for sagittal rays). 


For comparison, we give Svensson‘s equation for estimating the resolving power in the crossed-slit method: 


Aci = = Kr= 


~ Az + O(a), (8) 


where ¢ is the width of the horizontal slit; ® is a function of the wave length of the light \3 the other symbols 
have the same meaning as in Equation (7). 


Svensson [5] showed that in the right-hand side of Equation (8) the second term, which depends on the wave 
length, is considerably greater than the first. Therefore comparison of Equations (7) and (8) shows that Troitskii’s 
method, in which diffraction effects are virtually absent, may give higher resolution than Svensson's method. 


SUMMARY 


1. The theory of optical recording of mixture composition by the inclined cylindrical lens method, advanced 
earlier by the author, has been generalized. In its generalized form the theory covers all possible arrangements of 
the optical system. 


2. The conclusion drawn earlier for a particular case, that the inclined cylindrical lens method can give 
higher resolution by the optical system than the crossed slit method, has been confirmed. 
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AN X-RAY STUDY OF THE CRYSTALLIZATION OF SORBED WATER 


V.S. Brzhan 


The Voronezh Agricultural Institute, Department of Physics 


Zhilenkov [1] found that the activation energy of polarization of water molecules sorbed by silica gel, 
which remains unchanged in the transition through 0°, undergoes an abrupt change at about—100°. Accordingly, 
in the light of literature data [2] on the special position of water in the hydride series and of the idea advanced 
in an earlier publication [3], it has been suggested that adsorbed water remains in the liquid state down to—100°. 


As the sudden change in the activation energy tends to increase with increased adsorption [1], it may be 
assumed that this change occurs if the silica gel is completely saturated with water vapor. If the pores of some 
types of silica gel are completely filled with water, the conditions should be favorable (with regard to the possible 
crystal size) for direct verification of the crystallization of capillary-condensed water by means of X-ray structural 
analysis. This hypothesis has been confirmed by a number of investigations, including the work of Radzievskii and 
Shekhtman [4]. 


The present communication contains the first results of an x-ray study of the crystallization of water, present 
in a state of capillary condensation, sorbed by silica gel. 


Experimental procedure. The lid of the usual x-ray camera with the mechanism for rotation of the speci- 
men was _eplaced by a close-fitting aluminum biock. The block contained two deep drilled cavities for the 
cooling liquid; liquid oxygen was generally used for this purpose. 


Oxygen was put into both cavities when the camera was cooled to the required temperature. Nevertheless, 
because of the large mass of metal the average cooling rate was only 3° per minute. Subsequently, in order to 
maintain the established temperature, the cooling liquid was fed intermittently into one of the cavities by means 
of a specially constructed device which was switched on automatically by an ERM-47 electronic regulator with a 
thermocouple; a control thermometer was put in the other cavity. The camera was fixed on a textolite support 
and enclosed in an insulated box. The temperature was maintained to within, 1°. 


The material chosen for investigation was KSK -2 silica gel with an average pore size of 104 A. The x-ray 
pattern on the dry silica gel contains no lines. Humidification of the gel to saturation at 20° corresponded to 
sorption of about 50 millimoles of water vapor per gram of dry silica gel. The earlier specimens were sealed 
thin-walled capillaries made of molybdenum glass, about 1 mm in diameter. The capillaries were filled with 
silica gel saturated with water vapor, and with helium at low pressure. Subsequently, in order to obtain better 
X-ray patterns, celluloidcapillaries 0.60 mm in internal diameter with walls ~ 0.01 mm thick were used instead 
of glass. Silica gel was saturated with water vapor in presence of air in a desiccator at 14-1 6°. To prevent con- 
densation of water vapor from the air on the specimens at low temperatures the camera was hermetically closed. 
All the joints were smeared with petrolatum. Absence of any appreciable condensation of vapor from inside the 
camera was confirmed by control photographs. 


The time of preparation of the camera, from extraction of the specimens from the desiccator to transition 
through 0°, was reduced to 13-15 minutes. The investigations were performed with copper radiation without a 
filter in the URS-70 x-ray unit. The operating conditions were: 10 ma, 30 kv. The exposure time was 2 hours. 
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The x-ray patterns given at - 8°(1) and—20° (2) by KSK-2 silica gel; x-ray pattern of another 
powdered silica gel sample at - 8°(3). 


Data from typical patterns are presented in Table 1. The x-ray diagram (2) shows sharp interference 
maxima on a diffuse background due to the microporous structure of the adsorbent. This indicates that water 
sorbed by KSK-2 silica gel forms ice with a well-defined if not the usual crystal structure. Additional control 
experiments showed that these lines were definitely due to ice formed from the sorbed water. 


The small total number of diffraction maxima is noteworthy. The x-ray pattern appears to be cut off 
beyond 9> 24°. 


The x-ray patterns determined at different temperatures between -1° and -70° indicate that water adsorbed 
on KSK -2 silica gel, contrary to expectation, crystallizes at about - 9°. The lines do not appear at higher tem- 
peratures, under the same exposure conditions (x-ray diagram 1). Small variations of the cooling rate, which 
reached 10 degrees/ minute in the first (preliminary) variant of the experiment, had no appreciable influence 
either on the freezing point or the form of the x-ray pattern. None of the x-ray patterns taken below-9° differ 
to any appreciable extent from each other either in the positions or the intensities of the lines. 


Since the operating conditions of the x-ray tube were stable and the exposures constant, these results show 
that the capillary water, at least the part of it which is responsible for the appearance of the lines, apparently 
has a quite definite freezing point. 


Whatever the reason, the freezing point of the water in a state of capillary condensation in KSK -2 silica gel 
was considerably higher than expected. In our experiments ice at -100° showed no special features with regard to 
X-ray structural analysis. 


The x-ray patterns of KSK -2 silica gel, saturated with moisture and frozen, were compared with the patterns 
given, under similar conditions, by another adsorbent (powdered silica gel) with much coarser pores, In the latter 
case ordinary ice was formed (x-ray diagram 3). It follows that pore size is the most important factor determining 
the appearance of the unusual form of ice. 


TABLE 1 


Calculated Data from the x-Ray Pattern of Ice Formed from Water Sorbed.by KSK -2 
Silica Gel 


Intensity 


Strong be aie 2g 3.95 
Very strong 11 93 3.70 
Strong 19° 90° 2.26 
Moderate 23° 53° 1.92 


Despite the fact that the adsorptive capacity of the second sample of powdered silica gel was considerably 
lower than that of KSK-2, the total intensity of all the lines in its X-ray pattern is many times greater than in 
that of KSK-2. This is to be regarded as definite evidence that in KSK-2 far from all the sorbed water is involved 
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TABLE 2 


Comparative x-Ray Data for Ice I of Different Structures 


ss gis = Ss RC Sa ae I I EU SU AO UP AU 1 POON er AO 


Ice from sorbed water 


Hexagonal ice [7] ("semicrystalline") Cubic ice [6] 
asa | | nguees d Ibis hig eles hkl 
3,92 /10 (w ) | (1010) 3,95 $ — “ae = 
3,67 |100.(vvs) (0004) [2] 3,70 vs 3,66 | (vysy | (141) 
3,44 |20 (m ) (4011) ee ne vi Erect APR 
2,68 {15 (m) (1012) ee ~ =~ a ee 
2,26 {40 (w) (1120) 2,26 s 2,25 (s) | (220) 
2,065 |50 (y 3} (1073) = fad ee: ns 
1,92 |10 (w) (1122) 4,92 m 1,92 (m) | (344) 
1,516 |45 (w) (2023) ws oh. 1,59 (w) | (400) 
1,368 |20 (my (1045) ae BS 1,46 (m) | (334) 
(1232) a ee be AE 
1,30 |2,5 (vw) (1016) fs st 4,30 (m) | (422) 
4,25 |2.5 (vw) (1233) ue a 1,22 (w) (333) 
5 
1,167 | 5 (vw) (2025) as 1,42 (w) De 
1,07 (m) | (531) 


1,00 | (vw) | (620) 
0,97 (VW) | (533) 
0,92 (VW) | (444) 
0,89 (Vw? 1) (554) 

ea ) 
0,85 {w) | (642) 


*d = interplanar spacing. 

* * I = intensity: w = weak, vvs = very, very strong, m = moderate, vs = very strong, 
vw = very weak. 

* **hkl = indices of the reflecting plane. 


in formation of crystals which are large enough to give distinct interference maxima. At the same time, as the 
outlines of the observed lines are not diffuse the formation of very small crystals is doubtful It follows that even 
if the water does freeze inthe, very fine pores, most probably it does not enter the crystalline state. Other results 
[4] are in favor of this too. Unfortunately, the x-ray pattern of the observed ice lacks lines corresponding to large 
values of 6. If they were present it would be possible to draw more definite conclusions concerning the state of 
the remaining water. 


The structure of our “capillary” ice coincides with that reported by Burton and Oliver [5] for ice formed 
by low-pressure condensation of water vapor on a cooled metal surface. They consider that this is an unstable 
form of ice I, which exists at pressures below 2000 atmos. In contrast to our results, the ice which was observed 
in this investigation [5] and which was described as “semicrystalline” is found only at temperatures, below -90°. 
On increase of temperature it begins to recrystallize at a finite rate into ordinary ice. When the temperature is 
lowered again, the return conversion does not occur at temperatures down to -183", 

In the light of the above results and those of Konig [6], recyrstallization of ice formed from sorbed water is 
improbable on decrease of temperature, and the absence of such recrystallization at—100° in Zhilenkov's investi- 
gation [1], as established by us, is quite understandable. 


It must be noted that the recrystallization temperature (T,.,,) of ice, estimated in the publications cited 
at—90°, is in good agreement with the general concepts with regard to crystallization according to which 
Trecr = 2/3 Tm = 182° K = 91°C. In our case recrystallization was not observed at all. This is doubtlessly due 
to the specific conditions which influence the water molecules in a manner analogous to a decrease of their 


thermal mobility. 
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Attempts to correlate our results with the data cited suggest that in the earlier work [5] the vapor passed 
on condensation through a state analogous to adsorption. 


With regard to the structure of the unusual form of ice described above, Burton and Oliver [5] consider that 
this is ordinary ice with incomplete atomic order in which order is observed, in their view, only "along certain 
planes”. We regard this as not fully convincing; like Konig's explanation of "semicrystalline ice,” in which the 
first line of the x-ray diagram was simply disregarded. 


In Table 2 that x-ray patterns of our ice are compared with those of ordinary ice [7] and the cubic modi- 
fication of ice of the cristobalite type [6]. As the x-ray pattern of the unusual or “semicrystalline” ice does not 
have the relatively intense (1011), (1012) and (1013), lines of hexagonal ice, and the relative intensities of the 
lines common to both modifications are different, it follows that the x-ray pattern of “semicrystalline” ice is not 
simply a part of the pattern of hexagonal ice. Thus, Table 2 shows that these ice forms are structurally different. 


There is much more in common between the unusual ice and cubic ice. However, since semicrystalline 
ice has an interference maximum corresponding to d = 3.95 A [this line for hexagonal ice has the indices (1010)] 
it cannot be identified with that modification. It seems that ice formed from sorbed water is a crystallographical- 
independent phase with an imperfect structure intermediate between hexagonal and cubic ice. 


Unfortunately, the specific experimental conditions are such that the finer methods of x-ray structural anal- 
ysis cannot be used. 
SUMMARY 


1. It has been shown by x-ray structural analysis that water sorbed by KSK -2 silica gel crystallizes at least 
partially at low temperature, forming ice I of unusual structure, "semicrystalline" ice. Pore size is one of the 
most important factors in the formation of this ice. 


2. The temperature at which semicrystalline ice is formed from water sorbed by KSK-2 silica gel is about 
=P: 
3. "Semicrystalline” ice may be formed not only on condensation of water vapor [6], but also by freezing 


of water in a state of capillary condensation, It can then exist over a much wider range of temperatures: from 
—9° to —170°, and probably lower. 


4, Semicrystalline ice formed from water in a state of capillary condensation shows no signs of instability 
and does not undergo any phase transitions at temperatures below— 9°, at least during exposures lasting two hours. 


5. The abrupt change of the activation energy of polarization[1] is apparently unrelated to the crystal 
structure of sorbed water. 


I thank candidate of physicomathematical sciences I. V. Zhilenkov for the idea of the present investigation 

and for his constant interest. 
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SEDIMENTATION VOLUMES OF POLYDISPERSE KAOLIN SUSPENSIONS 
IN SOLUTIONS OF NONELECTROLYTES 


G. G. Kandilarov 
Chair of Inorganic, Analytical, Colloid, and Physical Chemistry, VIKhVPROM Plovdiv, Bulgaria 


Our earlier investigations were concerned with sedimentation volumes and internal friction of polydisperse 
kaolin suspensions in electrolyte solutions [1]. It was desired to find how the volume of the precipitates formed 
in kaolin suspensions is influenced by certain nonelectrolytes, and in particular by solutions of ethyl alcohol. 


It is known that kaolin suspensions have pronounced hydrophilic properties. Since the dielectric constant 
of ethyl alcohol is considerable (although less than that of water), it is to be expected that alcoholic kaolin sus- 
pensions would also be lyophilic [2], which would have a certain influence on their sedimentation volumes. 


The methods used for preparation of the kaolin suspensions* and determination of sedimentation volumes 
are described elsewhere. In most cases the surface of the precipitates was smooth enough to allow the volume to 
be measured accurately. It was only when the water content was 20,000 millimoles/ liter that the surface of the 
precipitates was very strongly concave, so that the volume was difficult to read off accurately. 


The graph shows that the volume of the kaolin precipitate tends to increase slightly with increase in the 
concentration of water added to the ethyl alcohol, and a maximum appears on the curve when the water content 
is ~ 20,000 millimoles/ liter. 


The reverse effect is observed in aqueous kaolin suspensions. In this case the volume of the precipitate does 
not initially show any substantial change with increasing concentration of added ethyl alcohol, but at high alcohol 
concentrations (50,000 millimoles/ liter and in pure alcohol) the volume decreases, although only slightly. 


These observations are associated with formation of more or less stable turbidity which persists over the 
precipitates for 24 hours after sedimentation of the suspensions. 


Thus, 24 hours after sedimentation of suspensions in alcohol or in alcohol with a low water content the 
supernatant liquid remained quite clear. It should be noted that in such cases the suspensions were coarse-grained 
(coagulated* *) while the sedimentation volume was at a minimum. 


With increasing concentration of water the supernatant liquid after 24 hours was opalescent or slightly turbid. 
This was accompanied by a small increase in the volume of thekaolin precipitate. The turbidity was most persist- 
ent at high concentrations of water (in pure water or with 50,000 millimoles of water per liter). 


In the system water—ethyl alcohol the turbidity of the supernatant liquid was greatest when the concentra - 
tion of ethyl alcohol was 100 and 500 millimoles/ liter, while at ethyl alcohol concentrations of 5,000 and 10,000 
millimoles/ liter and in pure ethyl alcohol the liquid was quite clear. 


It is assumed for suspensions of the quartz type that the maximum sedimentation volume corresponds to 
coagulated suspensions, and the minimum to stable suspensions [3]. This applies also to suspensions of CaC,O, 


«Kaolin from Senovo (Bulgaria, Rusenskii province) and alcohol of analytical-grade purity were used for this 


purpose. 
** This effect was probably due to the dehydrating action of ethyl alcohol. 
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Kaolin C,H.0N+H,0 


arbitrary units 


Volume of kaolin precipitates, 
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water concentration 


Effect of water concentration on the volume of kaolin 
precipitates in alcoholic suspensions. 


in electrolyte solutions [4]. In that case, with cations of higher valence (Ca”* and A1°*) the liquid above the 
precipitate showed persistent turbidity after 24 hours; this corresponded to the minimum volume of the CaC,0, 
precipitate. 


However, in experiments with lyophilic kaolin suspensions in aqueous ethyl alcohol the reverse effect was 
observed: the volume of the precipitate was least in coagulated suspensions in pure alcohol or in alcohol at high 
concentrations, and not in stable suspensions, whereas the maximum volume was obtained in solvated stable sus- 
pensions such as are formed at high concentrations of water. These observations may be explained on the follow- 
ing hypothesis. It is known that the dielectric constant of the solvation layers on the particles increases with in- 
creasing amount of water, so that their electric charge also increases. This probably results in an increase in the 
size of the solvation layers and greater stability of the suspension. As the experiments showed that the volume 
of the kaolin precipitates varies in the same sense, it may be assumed that its variation is related to changes in 
the thickness of the solvation layer. 


Since the solvation layer in coagulated suspensions (in alcohol or at high alcohol concentrations) is com- 
posed of relatively few alcohol molecules, the added molecules of water, being more strongly polar, form a 
thicker layer and probably replace alcohol molecules in the outside layer; the total volume of the particles 
(and, accordingly, the volume of the precipitate) increases to a maximum. With further increase of the amount 
of water (in water with a low alcohol content or in pure water) the water molecules gradually displace the re- 
maining, less polar alcohol molecules from solution, and finally the entire solvation layer is composed predom- 
inantly of water molecules. The latter have a smaller volume than the displaced alcohol molecules, so that the 
volume of the kaolin precipitate diminishes somewhat. 


SUMMARY 


Water molecules are strongly polar, and therefore as the water concentration in alcoholic kaolin suspen- 
sions increases the solvation layer becomes thicker, the suspensions become more stable, and the volume of the 
precipitate increases(although only slightly) to a definite maximum. The maximum can probably be ascribed 
to the additive solvating effects of water and ethyl alcohol. 
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ADSORPTION OF BENZENE AND n-HEXANE VAPORS 
ON MAGNESIUM HYDROXIDE 


A. V. Kiselev and D. P. Poshkus 
The M. V. Lomonosov University, Moscow, Faculty of Chemistry, Adsorption Laboratory 


Institute of Physical Chemistry, Academy of Sciences USSR, Laboratory of Sorption Processes 


Recent work in our laboratory has demonstrated the exceptionally important influence of surface hydroxyl 
groups on adsorption, net only of polar molecules capable of ordinary hydrogen bonding, but also of aromatic 
and unsaturated hydrocarbons, the molecules of which are, as a whole, nonpolar. Studies of the adsorption of such 
hydrocarbons on various hydroxides and on products formed by surface and volume dehydration of the latter are 
therefore of special interest. 


In the preceding paper we considered the isotherms of adsorption of benzene and hexane vapors on different 
samples of magnesium oxide [1]. In the present investigation the isotherms for adsorption of these vapors on dif- 
ferent samples of magnesium hydroxide were determined. 


Method. It was very important to prepare a sample of magnesium hydroxide with a hydrated surface but 
without adsorbed water. This task is especially difficult in the case of hydroxides which decompose readily on 


relatively gentle heating. 


The adsorbents used were four samples of magnesium hydroxide, evacuated at 20, 30, 100, and 200°. The 
method for preparation of coarse-pored magnesium oxide, which was designated as Mg(OH),-1, in the previous 
paper [1], was described in the first paper of this series [2]. 


Sample Mg(OH),-2 was prepared by hydration of sample Mg(OH),-2, calcined at 1000°(MgO-1-1000°), in 
deaerated distilled water for 10 days. In order to avoid any possible dehydration of magnesium oxide during evacu- 
ation, in this case liquid and adsorbed water was pumped off at 20° in the adsorption apparatus down to ~10°-‘mm 
water-vapor pressure, and for several hours further. When the evacuation was stopped a pressure of 10 2 mm be- 
came established in a few minutes over the adsorbent at 20°, and this remained almost unchanged for several days. 
After a second evacuation to 10™* mm approximately the same water-vapor pressure (~10~* mm) became established 


over the magnesium hydroxide*. 


*It seems that the equilibrium pressure of water vapor over magnesium hydroxide at 20° has not been determined. 
Values of ~8 and 67 mm were found for the pressure of water vapor over magnesium hydroxide at 35 and 66° [3]; 
this gives 2.7 mm at 20°, which is much higher than our value. However, these values for the vapor pressure of 

water over magnesium hydroxide correspond to an improbably low heat of formation of magnesium hydroxide [4], 
~ 13.1 kcal/mole. In that investigation [41 experimental values of the heat of formation of magnesium hydroxide 
were used to estimate, by means of the approximate Nernst equation, the equilibrium pressure of water vapor over 
magnesium hydroxide at 20°; the value found was ~10 410-8 mm, which is considerably less than the value for 
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TABLE 1 


Conditions of Vacuum Heat Treatment, Weight Loss at 1000-1100°, and Structural Charac - 
teristics of Samples Mg(OH),-1;-2;- 33-4 and MgO-1-1000° 


age iia tc hea ee ee —— ss 
Vacuum heat pea ies = 
treatment Surface area J | 3 
ny 
aoe a | 5% 
40 Wei a =| 8” ORS) 
Sample FI bb mies) ines ba roan 3." 8 g 60 |Porosity type 
S| @ & Be | Be 1 eae 
ea | & & OB | Ses NE: a 
ary rH tH 
9 & Lae Sees ee | 3 | See glé He 
eee 7 isn 1 
Mg(O1L)s- | 00, 4 34,9 | 69 66 0,96} 450 |0,71 | Coarse 
Me(OFL)a-2 30 | Prolonged, | 30,3 | 41,7 | 45,6 }4,1 | 450 |0,58 | Homogeneously 
repeated coarse 
Mg(OF)a-3 20 10 a HOR has bce a ae eaten 
' Same 100 6 347 Or 240-55 = = = » 
Mg(OIL)2-4 20 10 = — “+o ke ft? aoe (Heterogeneous 
» 200 4 ot 7 16 Ads, 2 =a | Oyaee » 
Mg0-1-1000° 1000 8 — | go* | 43* 10,54] 400 |0,48*| Coarse, with 
remains of 
fine structure 
8f active 
Magnesium 
oxide [2] 


* Reduced to magnesium hydroxide. 


Sample Mg(OH),-4 was prepared by precipitation from dilute (0.1 M) boiling magnesium chloride solution 
by the action of gaseous ammonia; the precipitate was filtered off, washed with water to a negative reaction for 
chloride, and water was pumped off as for sample Mg(OH),-3 


The adsorption isotherms for this sample evacuated at different temperatures were determined with the 
same portion of material. The treatment conditions (temperature, time) and losses on calcination to constant 
weight at 1000-1100" are given in Table 1. The weight losses were determined with the same portions of mag- 
nesium hydroxide as were used for determination of the isotherms; the value found for most of the specimens is 
somewhat higher than the theoretical content of water in magnesium hydroxide (30.88%), probably because of 
slight condensation of mercury vapor on the adsorbent during determination of the adsorption isotherms and also 
owing to adsorption of water vapor while the samples were transferred from the bulbs to the crucible for calcina- 
tion. 


The adsorbates and the method used for determination of the adsorption isotherms were the same as pre- 
viously [1]. 


Pore structure of the adsorbents, The pore structure was determined by the adsorption method, as before [2]. 


The structure of sample Mg(OH),-1, evacuated at 200° (Mg(OH).-1-200°), was considered earlier [2]; its 
main structural characteristics are given in Table 1. 


The pore structure of sample Mg(OH),-2 may be deduced from the adsorption isotherm for benzene vapor, 
given in Fig. 1. The adsorption on this and the other adsorbents is expressed in millimoles per g of sample. 


our sample (~107? mm). It is therefore difficult to decide from literature data which is the true equilibrium 
pressure of water vapor over magnesium hydroxide at 20°. However, even if our observed value for the pressure 
of water vapor over magnesium hydroxide at 20° is the consequence of incomplete removal of adsorbed water 
from the magnesium hydroxide, the degree of surface cover at this low relative vapor pressure /p, w 0.5°107%), 
is probably small. No exact data are available on adsorption of water vapor on magnesium yarertae’ but in the 
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Fig. 1. Adsorption isotherms for benzene vapor and curves for distribution of pore volume 
by effective diameters (in middle of diagram): a) om Mg(OH),-2; the dash line represents 
the distribution curve for MgO-1-1000°, from an earlier paper [2]; b) on Mg(OH),-4; black 
points here and subsequently represent desorption. 


Fig. 1, a shows that in the region of high relative pressures the isotherm for Mg(OH),-2 has a well-defined hysteresis 
loop indicating capillary condensation; it commences at p/ p, ® 0.8, rises sharply over a narrow range of p/pg, and 
near the end of the isotherm the adsorption flattens out considerably. This course of the hysteresis loop indicates 
that the porosity of the sample is uniform. 


The middle of Fig. 1, a, shows curves for pore volume distribution by effective diameter for sample 
Mg(OH),-2 (continuous line) and the original sample Mg(OH),-1, calcined at 1000° (dash line); the distribution 
curves are reduced to 1 g of magnesium hydroxide (see [2]). Comparison of the distribution curves shows that 
the coarse pores in sample MgO-1-1000° became somewhat larger after hydration. Values of the specific surface 
of the skeleton (s), the adsorption film formed at the start of hysteresis (s*), and the ratio s'/s for sample Mg(OH),-2 
are given in Table 1, Comparison of the corresponding values for samples MgO-1-1000° and Mg(OH),-2 (Table 1) 
shows that the values of vs and s" remained virtually unchanged by hydration of sample MgO-1-1000°, whereas the 
surface s was approximately halved and the ratio s"/s became close to unity. This shows that hydration of sample 
MgO-1-1000° caused disappearance of fine pores (cracks) present in this sample, without any significant changes 
in the coarse pores, 


Repeated hydration of sample Mg(OH),-2 sample Mg(OH),-3, resulted in only a slight decrease of the 
specific surface, as Table 1 shows. Therefore the pore structure of sample Mg(OH),-3 was not studied specially, 
and it was assumed to be just as uniformly coarse-pored as sample Mg(OH),-2. 

The pore structure of sample Mg(OH),-4 may be deduced from the adsorption isotherm for benzene 
vapor, shown in Fig. 1, b. Hysteresis in the isotherm for this sample begins at a fairly low relative pressure 
p/p, * 0.25 (see further Fig. 3, b) while at high p/p, it approaches almost asymptotically to the axis p/p, = 1. 


case of adsorption of water on hydrated silica gel, which is very considerable, the silica gel surface is only 10- 
20% covered by water molecules at the same relative pressure [5]. 


It would be very important to work out methods for direct determination both of adsorbed water molecules 
and of structural hydroxyl groups on hydroxide surface. 
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Fig. 2. Isotherms for adsorption of benzene (1) and hexane (2) 
vapors on samples: a) Mg(OH),-1-200°; b) Mg(OH),-2. Differ- 
ent points for the same vapor correspond to different series of 
determinations. 


The curve for pore volume distribution by effective diameters shows that the pososity is quite heterogeneous 
(Table 1*). 


Isotherms for adsorption of benzene and hexane vapors on Mg(OH),)-1 evacuated at 200° are given in Fig. 
2,a. The isotherm for adsorption of benzene vapor on sample Mg(OH),-1-200° is wave-shaped. The isotherm 
for adsorption of hexane is approximately linear at first, and then becomes S-shaped. The isotherms for adsorp - 
tion of benzene and hexane on this sample intersect twice, and initially the isotherm for benzene is more convex 
and lies above the isotherm for hexane. 


Isotherms for adsorption of benzene and hexane vapors on sample Mg(OH),-2 are given in Fig. 2, b. The 
isotherm for benzene is wave-shaped and somewhat convex at first. The isotherm for hexane is initially concave, 
and then has two bends. 


The adsorption of benzene up to p/p, w 0.4 is less than that of hexane. 


*The ratio s'/s for sample Mg(OH),~-2, and especially for Mg(OH),-4, is greater than unity, although the latter 
contains some fine pores. This is probably because in determinations of s* by the method of capillary condensa - 
tion it is necessary to take into account the multimolecular adsorption which also occurs, and which plays an 
important role in samples of nonuniform porosity and with very coarse pores [1]. 
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a, Millimoles /g 
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Fig. 3. Adsorption isotherms; a) benzene vapor on Mg(OH),-3 
evacuated at 20° for 10 hours (1), 17 hours (2), and 32 hours 

(3), and evacuated at 100° (4); hexane vapor on Mg(OH),-3 
evacuated at 20° (5) and 100° (6); b) benzene and hexane vapors 
on Mg(OH),-4 evacuated at 20° (1, 2), at 100°(3, 4) and at 200° 
(5, 6)s only the adsorption branches of the isotherms are.given. 


Isotherms for adsorption of benzene and hexane vapors on sample Mg(OH)-3 are given in Fig. 3, a. The 
isotherm for adsorption of benzene on a sample evacuated at 20° (Curve 1) is convex and initially lies above the 
concave isotherm for hexane (Curve 5). A repeated evacuation of sample Mg(OH)2-3 at 20° for 7 hours (Curve 2) 
and for 15 more hours (Curve 3) did not result in any appreciable change in the adsorption of benzene, 


The isotherm for adsorption of benzene on sample Mg(OH).-3, evacuated at 100° (Curve 4) is wave-shaped. 
The isotherm for adsorption of hexane (Curve 6) is initially concave, As in the case of adsorption on sample 
Mg(OH),-1 -200° (Fig. 2, a) these isotherms intersect twice in the initial region. 


Isotherms for adsorption of benzene and hexane vapors on sample Mg(OH),-4, evacuated at 20, 100, and 
200° are given in Fig. 3, b. The isotherm for adsorption of benzene on this sample, evacuated at 20° (Curve 1) 
is convex and lies above the isotherm for hexane (Curve 2). Increase of the evacuation temperature of sample 
Mg(OH),-4 resulted in decreased adsorption of benzene in the central region of the isotherm (Curves 3 and 5); 
with increase of the evacuation temperature the decrease of adsorption becomes greater and extends toward both 
lower and higher values of P/P,, the isotherm becomes wave-shaped instead of convex. At p/ps> 0.4 all 
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Fig. 4. Absolute isotherms for adsorption of benzene (a) and 
hexane (b) on Mg(OH),-3-20° (1), Mg(OH),-3-100° (5), 

Mg(OH),-2 (7), and reduced isotherms for adsorption on Mg(OH),-4 
evacuated at 20° (2), 100° (3), and 300°(4), and Mg(OH),-1-200°(6). 


these isotherms for benzene virtually coalesce. Adsorption of hexane remained almost unchanged with increase 
of the evacuation temperature of Mg(OH),-4 curves 2,4, and 6), 


Absolute and reduced isotherms for adsorption of benzene and hexane vapors on magnesium hydroxide. 
Fig. 4 shows absolute isotherms for adsorption of benzene and hexane on Mg(OH),.-2 evacuated at 30° and 
Mg(OH),-3, evacuated at 20 and 100°. Values for adsorption of benzene and hexane per g of samples Mg(OH).- 
1-200° and Mg(OH),-4, divided by their respective specific surfaces determined by the BET method from adsorp- 
tion of nitrogen vapor, lie appreciably below the absolute isotherms for adsorption on samples Mg(OH)2.-2 and 
Mg(OH),-3, probably because of the presence of micropores, not only in the monolayer region, but for filling of 
the second adsorption layer. We therefore used reduced isotherms for comparing the isotherms for adsorption of 
benzene and hexane vapors on Mg(OH(,-1-200° and Mg(OH).-4 with the absolute isotherms 
for Mg(OH),-2 and Mg(OH))-3. In Fig. 4a, the isotherm for adsorption of hexane on sample Mg(OH),-1-200° is 
reduced to the absolute isotherms for adsorption on sample Mg(OH),-3-20° at p/p, = 0.2. The same reduction 
factor was used for the isotherm for adsorption of benzene on sample Mg(OH),-1-200°. Isotherms for adsorption 
of benzene and hexane on sample Mg(OH)2-4-20° are reduced to the corresponding absolute isotherms for sample 
Mg(OH),-3-20°, also at p/p, = 0.2. The same reduction factors were used for isotherms for adsorption of benzene 
and hexane on sample Mg(OH),-4, evacuated at 100 and 200°, 


It is clear from Fig. 4,a that adsorption of benzene per unit area of magnesium hydroxide in the monolayer 


region at the given p/p, depends very strongly on the conditions used for the vacuum heat treatment of magnesium 
hydroxide. 
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Fig. 5. Absolute isotherms for adsorption 
of benzene (1) and hexane (2) vapors on 
samples of Mg(OH),-3-20° (a), Mg(OH),-2 
(b), hydrated (d) and dehydrated (e) silica 
gels; magnesium oxide (c); graphitized 
carbon black (f). 
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Fig. 6. Isotherms for adsorption of benzene 
(1) and hexane (2) in linear coordinates of 


the BET equation (a) and of Equation (1) (b). 


Fig. 4, b,shows that adsorption of hexane on mag- 
nesium hydroxide in the monolayer region decreases 
somewhat with intensification of the vacuum heat treat- 
ment up to 200°, but this decrease is much less pronounced 
than in the case of benzene. The relative positions of the 
isotherms for adsorption of hexane on different samples of 
magnesium hydroxide, evacuated at different temperatures, 
are approximately the same as in adsorption of benzene. 

In the region of multimolecular adsorption (at p/p, > 0.2) 
the adsorption of hexane remains almost unchanged. 


Further increase of the evacuation temperature of 
magnesium hydroxide to 350” results in a sharp increase 
of adsorption and makes the isotherms much steeper both 
for benzene and for hexane, owing to formation of fine 
pores in the primary platelets of magnesium hydroxide 


during volume dehydration [1]. 


The decrease in the adsorption of benzene and hexane 
vapors per unit surface of magnesium hydroxide due to 
vacuum treatment at 200° is probably caused by dehydra- 
tion of the magnesium hydroxide, mainly on the surface. 
Since the water-vapor pressure over magnesium hydroxide 
at 20° is appreciable, it should decompose under high 
vacuum even at room temperature. However, appreciable 
volume dehydration of magnesium hydroxide under vacuum, 
during evacuation lasting several hours, occurs only at tem- 
peratures above 200° [6, 7]; this indicates that the dehydra- 
tion process at lower temperatures is slow. Thermal de- 
composition of magnesium hydroxide probably begins at 
the surface of the magnesium hydroxide platelets and grad- 
ually spreads inward [8]. Therefore in the cAse of our 
sample of magnesium hydroxide: Mg(OH),-1, evacuated 
at 200° for 4 hours, Mg(OH)2-2, after prolonged and re- 
peated evacuation at 30°, Mg(OH),-3 evacuated at 100° 
for 6 hours, and Mg(OH)2.-4 evacuated at 100 and 200° for 
4 hours, we also had different degrees of surface hydration. 
Considerable decomposition within the particles could not 
have taken place yet, as the water contents of these sam- 
ples (Table 1) were still close to the theoretical water con- 
tent of magnesium hydroxide. The surface of samples 
Mg(OH),-3 and Mg(OH),-4 carefully evacuated at 20° was 
apparently only slightly hydrated. 


The water-vapor pressure over magnesium hydroxide 
at a given temperature greatly depends on the energy state 
of magnesium hydroxide [4], which in its turn depends on 
the preparation conditions [9]. This should also influence 
the degree of dehydration of magnesium hydroxide under 
the same conditions of vacuum heat treatment. Magnesi- 
um hydroxide with a very. high energy content is formed 


by hydration of magnesium oxide [9]. It is therefore possible that the presumed extensive dehydration of the 
surface of Mg(OH),-2 is due to a considerable extent to deformation of its crystal lattice which occurred when 


it was prepared by hydration of magnesium oxide. 
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TABLE 2 


Applicability Limits and Constants in the Equations for Isotherms of Multimolecular Ad - 
sorption of Benzene and Hexane Vapors on Magnesium Hydroxide 


BET ‘equation Equation (1) 
applicability limitd 2 
qt fakes) 
3 , Sica <4 hae HoH K 
Adsorbate HO = 3 ea a oes ed eee 
forp/p, |8 ODPi°lEs | Flo Bsa Re 
o's fe a> | 26 
we w Pe oO 4 
Benzene 030503 1054143 144 19047 1 39,5 [40 0.41.0) 0,1 10,04 
n-Hexane | 0,15—0,35 |0,8—1,4|18| 0,13 |52 | 51,5 ]0,4—1,2| 3] 6,7 | 2,2 


As was pointed out earlier, the surface of magnesium hydroxide is apparently dehydrated to different extents 
in accordance with the intensity of vacuum heat treatment up to 200°; magnesium hydroxide subjected to vacuum 
heat treatment up to 200° is, in a sense, a mixed adsorbent consisting in part of undehydrated magnesium hydroxide 
and in part of magnesium hydroxide with a dehydrated surface. The consequent dualism in the properties of the 
surface of magnesium hydroxide after vacuum heat treatment is manifested in changes in the degree of adsorption 
and the form of the adsorption isotherms for benzene and hexane (Fig. 2, a and 3); The probable explanation is 
that at low p/pgs benzene is adsorbed predominantly on the undehydrated part of the magnesium hydroxide surface 
(in regions more advantageous from the energy aspect), when the isotherm for adsorption of benzene vapor is con- 
vex and lies above the isotherm for hexane (see Fig. 3, a). At higher p/p, after a considerable proportion of the 
hydrated part of the surface has been filled, benzene is adsorbed predominantly on the dehydrated part, when the 
isotherm for benzene adsorption lies below the isotherm for hexane and is concave. Consequently, as p/p, in- 
creases, in the transition from adsorption on the hydrated to adsorption on the dehydrated part of the magnesium 
hydroxide surface the isotherms for adsorption of benzene and hexane should intersect and the isotherm for benzene 
should change from convex to concave; this is seen to be the case in Fig. 2, a and 3, a (Curves 4 and 6). 


The second intersection of the isotherms for adsorption of benzene and hexane, as in the case of adsorption 
on graphite (10, 11), occurs because of the difference in the areas occupied by these molecules in a compact mono- 
layer, and is directly associated with the nature of the surface. 


Comparison of the absolute isotherms for adsorption of benzene and hexane on sample Mg(OH),.-3 evacuated 
at 20°, the surface of which is apparently only very slightly dehydrated, and on sample Mg(OH),-2 evacuated re- 
peatedly for a long time at 30°, the surface of which is strongly dehydrated, with the isotherms for adsorption of 
these vapors on dehydrated and on undehydrated silica gel [12] shows that the effects of dehydration on these ad- 
sorbents are very similar (Fig. 5). Thus, for undehydrated magnesium hydroxide and undehydrated silica gel the 
isotherm for benzene lies above the isotherm for hexane, whereas dehydration of the surface both of magnesium 
hydroxide and of silica gel alters the relative positions of the adsorption isotherms for these substances: in the 
initial region the isotherms for hexane lies above those for benzene. 


Fig. 5 also shows the absolute isotherms for adsorption of benzene and hexane vapors on magnesium oxide 
[1] and on graphitized carbon black [10, 11]. It is clear from Fig. 5 that magnesium hydroxide and oxide differ 
qualitatively in their adsorption properties with respect to benzene and hexane vapors: in the monolayer region 
the adsorption of benzene on magnesium hydroxide is greater than adsorption of hexane, whereas on magnesium 
oxide and on graphitized carbon black the adsorption of hexane is greater than that of benzene. * 


*Thus, benzene is adsorbed more than hexane on an undecomposed magnesium hydroxide surface. Initially, in 
work with a hydroxide sample evacuated at 200° (Mg(OH),-1-200°), we concluded that dehydration of magnesium 
hydroxide, unlike dehydration of silicon hydroxide, increases adsorption of benzene [13]. However, it is clear from 
the present investigation that the sample of hydroxide evacuated at 200° already had a very dehydrated surface. 
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9 Application of equations for adsorption isotherms. 

15 We applied the BET equation for multimolecular adsorp - 
tion [14] and our equation [15-17] to isotherms for ad- 
sorption of benzene and hexane vapors on the magnesium 

10 hydroxide sample with the most uniform surface [ Mg(OH),-3], 
evacuated at 20°, 


is o-7 The experimental adsorption isotherms are plotted 
, a-2 in linear coordinates of the BET equation in Fig. 6, a. 
Table 2 gives the applicability limits of the equation and 
the constants found from the graphs: the energy constants 
Ol 02 03 P/p C, the capacity of the monolayer am, and the areas oc- 
Fig, 7, Absolute isotherm of the peomaes ar cupied by benzene and hexane molecules in a dense mono- 
benzene (1) and hexane (2) on Mg(OH)»-3-20°. layer wo. 


The points were determined experimentally and 


Figure 6, a and Table 2 show that the BET equation 
the curves on an approximation, 


is satisfactorily applicable to adsorption of benzene, and 
much less so to adsorption of hexane, The energy constant C for adsorption of benzene and hexane is low, be- 
cause of the low heats of pure adsorption of these vapors on magnesium hydroxide. The values found for wy, for 
benzene and hexane on magnesium hydroxide are close to the corresponding values of w,, on graphitized carbon 
black (~ 40 A? [10] and ~ 51.5 A? [18] respectively). 


In Fig. 6, b the experimental isotherms for adsorption of benzene and hexane on Mg(OH),-3-20° are plotted 
in the linear coordinates of our equation 


es Raa eones 
wi=ta-l K,+ K,K,§(1—h), (1) 


where @ is the degree of surface cover; h = p/pg is the relative vapor pressure; Kj and K,, are constants which 
give an approximate measure of the relative significance of adsorbate—adsorbent and adsorbate —adsorbate inter - 
action. As in the previous paper [1], in determination 6 the values of w,, were taken to be 40 A? for benzene 
and 51.5 A” for hexane, which are the values found for adsorption on graphitized carbon black. The applicability 
limits of the equation to the experimental isotherms and values of the constants Kj and K, determined from the 
graphs are given in Table 2. In Fig. 7 the absolute values found for adsorption of benzene and hexane on the least 
dehydrated sample of magnesium hydroxide (Mg(OH),-3-20°) are compared with the values calculated from Equa - 
tion (1) with the constants given above. It is clear from Table 2 and Fig. 7 that the adsorption isotherm for 
hexane, which has two bends, is represented satisfactorily by this equation, as is the case for isotherms of similar 
form for graphitized carbon black [19]. Because of residual surface heterogeneity, the experimental points of the 
initial region lie somewhat above the calculated curve. The BET equation does not fit the isotherm with two bends. 


SUMMARY 


1. The isotherms for adsorption of benzene and hexane vapors on a series of samples of magnesium hydrox - 
ide with a partially dehydrated surface have been determined. 


2. The adsorption of benzene is greater than that of hexane on a sample with a slightly dehydrated surface. 
The isotherm for hexane in the monolayer region is initially concave, is wave-shaped, and is satisfactorily rep- 
resented by the equation for multimolecular adsorption in which adsorbate—adsorbate interaction in the first 
layer is taken approximately into account. 


3. Dehydration of the magnesium hydroxide surface decreases adsorption of these vapors, especially of 
benzene. 
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INFLUENCE OF IONS IN SOLUTION ON PRECIPITATION 
OF A SPARINGLY SOLUBLE SALT 


N. Kusheva-Markova 


Chemical Institute of the Physicomathematical Faculty, Sofia State University 


In studies of the relationship between the dispersity of precipitates and the concentration of dilute reacting 
solutions, Weimarn [1] found that for solutions of moderate and high concentrations the plot of particles size of the 
precipitate against concentration passes through a maximum [2]. This maximum corresponds to solutions of mo- 
derate concentration; the precipitated particles are finer with solutions of lower and higher concentrations. 


To account for this relationship, Weimarn [3] advanced a theory which, although not quantitative, makes 
it possible to control formation of colloidal systems of different degrees of dispersion. The relationship has been 
explained by Overbeek [4]. 


Weimarn [1, 5] and other authors [6] have given evidence for the existence of intermediate colloidal phases 
in precipitate formation. The concept that studies of formation of precipitates of different degrees of dispersion 
can be applied in the preparation of sols has been accepted in the literature [4]. 


Hofmeister, in a study of the effects of electrolytes on coagulation of hydrophilic colloids, showed that 
coagulation is influenced more by anions and less by cations. Anions can be arranged in definite series in order 
of their coagulating powers, in accordance with the pH of the medium; for example, the following series of 
anions applies to alkali-metal salts in coagulation of acid sols: citrate > tartrate > SQ}? > -CH,GOO> >-G10,2 
ayea > NG, sour. > Is CNS Th: 


Such series, which are known as lyotropic, are also applicable to other effects, such as changes in the 
internal friction and surface tension of water, anomalies of freezing-point depression [8], catalytic decomposi - 
tion of H,O, in presence of a solid catalyst [9],changes of crystal habit of NHC [10], and variations of the sta- 
bility of supersaturated salt solutions [11] Such series also exist if anions are included in sparingly soluble [12] 
and highly soluble [13] crystalline ionic systems. It has been shown in relation to these last cases that at a given 
pH [14] the Hofmeister series are reversed, i.e., the relationship derived for typical colloid systems (protein sub- 
stances) is applicable to typically macrocrystalline ionic salts. 


In relation to the foregoing and to the problem of precipitate contamination we undertook a study of the 
influence of ions present in solution on precipitation of sparingly soluble salts, Variations of the sedimentation 
rate of BaSQ, were studied in relation to the concentration of the original solutions and excess of component ions. 
BaSQ, was the salt chosen because its precipitation conditions have been studied thoroughly and because it has a 
very pronounced tendency to occlude extraneous ions. The following highly soluble barium and sulfate salts were 


used for precipitation: 


Ba(GH COO)2-H20, Ba(NOs)2, BaCl,-2H,0, 
Ba(ClO3)2-H20,  BaBr2-2H,0, Ba(CNS)»+2H20, 
(NH,4)250q, NazSOq-10H,0, MriSOq-71120, KeSOs, MgSOq-7H20, ZnSO4-7H20, 
Ale(SOq)3*1811,0 


Equivalent solutions of the soluble sulfates and Ba salts were prepared at 20°. A definite solution pH was 
used, because this value influences the order of the ions in the lyotropic series [14]. The experiments were 
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TABLE 1 


Sedimentation Rates of BaSO, Prepared by Mixing of (NH4),SO, and BaBr, Solutions, with 
Excess of Ba”* and Br~ (Sample 1) or of SO4~7 and NH,’ (Sample 2) 


sient ee Lge | 25 | 1,25 | 0,63 | 0,32 

Sample numbers 2 1 2 1 2 1 2 3 1 

Tons present in excess N Hy Ba2t N H; Ba?+ N Hy Ba2t N H, B a2 an 
S027 |: Bra} SOF. Bre. S00 | Bt) | See) Bee 


Height of clear liquid 

layer above precipitat 

after 30 minutes, mm | 0,0 4 18 2 83 0 124 0 
Same, after 60 minutes 1 13 37 7 1C0 0 124 0 


conducted at pH 5.7 and 10.2, because, according to Kolarow [15], the isoelectric point of BaSO, in crystalliza - 
tion from supersaturated solutions is close to pH 12.3. Solutions of the corresponding acids and bases were used 
for adjusting the pH of the original solutions to the required values. For example, with solutions of Ba(CHgC OO), 
and (NH,),SO,,solutions of CH;COOH and H,SO,, respectively ,were used for the acid pH region, and Ba(OH), and 
NH,OH for the alkaline region. The ratio of the volumes of the original solutions was kept constant (11:8) in 
all cases. BaSO, precipitates were obtained under two different precipitation conditions: with excess of barium 
ions and with excess of sulfate ions.respectively, in solution. For example, with original solutions of (NH4)2SO,4 
and BaBrg,the BaSO, precipitate was prepared by two methods. 


Sample 1: To 11 ml of BaBr, solution of definite concentration and pH,8 ml of sulfate solution [(NH4)2SO,] 
of the same concentration and pH, excess of Ba ions) was added at once with vigorous shaking. 


Sample 2: To 11 ml of ammonium sulfate solution 8 ml of BaBr, solution (excess of sulfate ions) was added 
under the same conditions. 


The white BaSQO, suspensions formed in both cases were transferred one minute after mixing of the solutions 
into long narrow test tubes so that the heights of the suspension columns were equal. At equal time intervals, 
read off by means of a stopwatch, theclearlayersof liquid over the precipitates were measured (the time was 
measured in minutes and the height in millimeters). The height of the transparent liquid layer after a definite 
time in each case was taken as a qualitative indication of the sedimentation rate. The measurements were ac- 
curate to within + 1mm. The reproducibility of the experiments was within the error limits. 


Two series of experiments were carried out. 


First series of experiments. The effect of concentrations of the original solutions on the rate of precipita- 
tion of BaSOy in presence of excess of one of the ions was studied. Salts of relatively high solubility at 20° were 
used. The barium salts: BaBr,; BaCl,; Ba(CNS), and (NH,),SO, were used to prepare solutions of different concen- 
trations; these were used as the original solutions for preparation of samples 1 and 2 of BaSQy, as described above. 
The results of some of the experiments, with original solutions of (NH ),SO4 and BaBr, at concentrations of 2.5; 
1,25; 0.63 and 0.32 N, are given in Table 1. 


It follows from the data in Table 1 and from results obtained with other cmb pairs that with more highly 
concentrated solutions (2.5 N) the BaSO, precipitates formed with excess of Ba?* have higher sedimentation rates 
than samples 2, formed with excess of SO4”. With more dilute solutions the sedimentation rate falls for samples 
1 and rises for samples 2; with very dilute solutions (0.32 N) the sedimentation rate of samples 2 becomes very 


high and the process is completed after 30 minutes, whereas for samples 1 it does not even commence after 2 
hours. 


‘Second series of experiments. The influence of the nature of the ion present in excess on the sedimenta- 
tion rate of BaSO, was investigated. The influence of anions was studied with solutions of (NHy)2SO,4 and Ba(CNS),; 
BaCl); Ba(C103)2; Ba(CH;COO), and Ba(NOs), at concentrations of 2, 1.6, 1.2, and 0.7 N. Because of the low 
solubility of Ba(NO3), at 20°, only a 0.7 solution of this salt was used. 
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The results of the experiments are presented in Table 2, where samples 1 with different anions are com- 
pared. Fig. 1 and 2 show the comparative results of experiments with samples 1 and 2 for the systems (NHy4)2SO4 
—BaCl, and (NH4),SO4—Ba(CNS)p. 


Comparison of the sedimentation rates for sample 1 (Table 2) for the same length of time (45 or 105 min- 
utes) for the same excess of CNS-, CH;COO™, C10,” and Cl” anions and at the same equivalent concentration of 
the original solutions shows that the anions form the following series in order of their lowering effect on the sedi- 
mentation rate: “ 


CNS- > Cl- > COZ > CH3;COO-, 
With 0.7 N original solutions NO3 can also be included in this series: 
CNS->NOZ> Cl- > C1OZ > CH;COO-, 


This series of anions corresponds to the Hofmeister lyotropic series. 


It follows from Fig. 1 and 2 that at higher concentrations of the original solutions the sedimentation rate 
of sample 2 of BaSO, is lower than that of sample 1. 


At 1.2 N (Fig. 1) and 2 N (Fig. 2) concentrations the sedimentation rate of sample 2 approaches that of 
sample 1. In all other cases the sedimentation rate of sample 2 is higher than that of sample 1, and increases 
with dilution. 


These experiments were conducted at pH 5.7. The sedimentation rates of both samples are higher at pH 
10.2, because this pH value is close to the isoelectric points of the samples (pH 12.3) [15]. 


The investigations of the influence of the nature of cations of equal valence on sedimentation rate showed 
that this influence is not characteristic. Therefore we studied the effects of cations of different valences: 
Ba(C105),(NHy)2SOy, MgSO, and Al,(SO4)3, on sedimentation at pH 5.7 and concentrations of 2 N and lower. The 
sedimentation proceeds at the higherst rate in presence of excess Al,(SO,4)3, and at the lowest in presence of ex- 
cess (NH4)2SQ,4. Therefore the cations form the following series in order of their influence on the sedimentation 
rate: 


Ae Mee NE. 
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The fact that Al,(SO,)3 is strongly hydrolyzed in water whereas (NH4),SO,4 and MgSO, are virtually unhydro- 
tyzed was probably also significant in these experiments. On the other hand, in the pH range used Al(OH), of a 
colloidal degree of dispersion is precipitated [16], and this probably also influences the sedimentation rate. 


The experimental data on the influence of excess ions on the sedimentation rate can be explained on the 
assumption that under the chosen experimental conditions the systems formed are analogous to hydrophobic col- 
loids [11, 15] which conform to the relationships established for stability and coagulation of colloids of this type. 


TABLE2 


Sedimentation Rates of Sample 1 of BaSO, with Excess of Different Barium 
Salts in Solution 


Height Ghee dignid ee above 
recipitate, mm, after 
Normalitv of] Ions present in excess pee 


original | 

solution 45min |75 min aaah 143Emin 165 min 

2,0 Ba2t, GNS> Des 5o 64 Ue 72 

Ba2*, .Cl- 3 6 41 16 20 

Ba@t+, C]O3- 1 4 2 3,0 5 

Ba?+, CHsCOO- 0 0 0 0 0 

1,6 Ba2t, CNS- 23 53 60 65 70 

Ba?t, Gl= 1 4 6 9 42 

Ba’+, C1037 1 1,9 Parti) 4 6 

Ba?+, CH3COO- 0 0 0 0 0 

12 Ba?t+, CNS- 20 43 HYs) 67 7@) 

Ba?t, Cl- 0 3 5 8 41 

Ba?+, C]O 37 0 0 0 0 0 

Ba?+, CHsCOO- 0 0 0 0 0 

0,7 Ba2" CNS= 27 38 50 — = 

Ba?t, Cl- 0 0 0 0 0 

Ba?+, ClO 37 0) 0 0) 0 0 

Ba?+, CH3;COO- 0 0 0) 0 0 

Ba®+, NO 3- 20 34 46 oe ys) 


On the question of the charge of the particles in BaSQ, precipitates, the investigations of a number of work- 
ers [17-19] relating to adsorption effects in precipitation of BaSO, should be taken into consideration. The crystals 
of this salt have a heteropolar surface which may adsorb ions in conformity to the rule of Ba* [20]; in presence of 
excess of soluble Ba?” salt the particles are positively charged (samples 1 in our experiments), whereas in presence 
of excess soluble SO4” they are negatively charged (samples 2). 


This primary adsorption of their own Ba”* [19] or SOj” ions, respectively, is likely to influence adsorption of 
extraneous ions by the particles from solution. 


Although as yet there is no general theory of coagulation of hydrophobic colloids by the action of electrolytes 
[21], the fact that they form a series analogous to the Hofmeister series in their influence on the sedimentation rate 
can probably be ascribed to specific adsorption on positively -charged BaSO, particles. This is consistent with the 
fact that in coagulation of hydrophobic sols under the influence of electrolytes,ions of the opposite charge are pre- 
ferentially adsorbed rather than ions of the same charge as the colloidal particles [21]. In our experiments elec- 
trolytes were present in considerable excess; therefore in explanations of coagulation and stability of hydrophobic 


colloids it is necessary to consider specific adsorption and size of the ions [4, 24] as well as the diffuse electric 
double layer [22, 23]. 


Since in our experiments BaSQ, was precipitated from supersaturated solutions in presence of the same ex- 
cess of soluble Ba salts, it seems likely that adsorption of these ions should influence the maximum rates of 
spontaneous and linear crystallization, so that coarse-grained precipitates or sols of different stabilities are ob- 


tained; this can be seen inacomparison of corresponding samples 1 and 2formed at the same concentrations of 
the original solutions. 
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Similar effects of ionic or colloidally-dissolved impurities in solution on crystallization rates have been 
reported and investigated by a number of workers [25, 26], who also attributed them to adsorption phenomena. 
SUMMARY 


1. Changes in the concentration of the original solutions have different effects on the sedimentation rate of 
of BaSQ,. 


2. Ata definite dilution and in presence of excess Ba?* ions a stable BaSQ, sol is formed in an aqueous 
medium. 


3. Under the experimental conditions used, anions have a more characteristic effect than cations on the 
sedimentation rate. Anions present in equal excess can be arranged in a series analogous to the Hofmeister series 
in their influence on the sedimentation rate of BaSQ, at a given concentration of the respective original solutions. 


4. The Weimarn rule is modified: not only the concentrations of the original solutions but also the nature 
of the ions, especially anions, present in excess in the solution must be taken into account in the application of 
this rule. 
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APPLICATION OF THE REPLICA METHOD 
TO STUDIES OF ICE CRYSTALS 


A. D. Malkina 


Central Aerological Laboratory, Moscow 


The results of microstructure observations are of great importance in studies of cloud formation and pre- 
cipitation [1]. However, such observations involve considerable experimental difficulties, especially in studies 
of ice particles [2, 3]. For investigation of the latter it is necessary to obtain the most accurate copies of the 
crystals—imprints (replicas) on special supports. Replicas of ice crystals and snowflakes can be kept indefinitely 
and can be used for microscopic exposures of any duration. 


The literature contains data on applications of the replica method for studying the surface structure of solid 
specimens in the electron microscope [4, 5], for electron microscope studies of ice-crystal nuclei [6, 7],and of the 
structure of ice [8], and for other purposes. Schaefer [9, 10] was the first to prepare replicas of ice crystals and 
snowflakes from winter atmospheric precipitates on films made from Formvar, a solution of polyvinyl formal resin 
in dichloroethane. A later paper by Schaefer [11] refers to formation of replicas by spraying of plastics. However, 
in this case satisfactory replicas are obtained only if the crystals are caught extremely rapidly, before the solvent 
can evaporate. Isono [7] used the replica technique for electron microscope investigations of formation of ice 
crystals in a cooling chamber by the action of silver iodide on asupercooledmist The replicas gave an indica- 
tion of the shape of the ice crystals, and crystallization nuclei were then studied in the electron microscope. 

Hibi [5] used methyl methacrylate for production of high-resolution replicas to be used in electron microscope 
studies. Attempts were made by Weickmann [12] to obtain replicas of ice crystals in clouds during aerial flights. 
A solution of celluloid in amyl acetate was used as the replica material. As the author himself pointed out, the 
results are random and not reproducible. 


In view of the great practical importance of studying the ice phase in the atmosphere in meteorological 
investigations, the author developed a technique for preparing replicas of ice crystals; the replica-forming films 
were prepared from solutions of chlorinated polyvinyl chloride in dichloroethane celluloid in amyl acetate, poly- 
vinyl formal in dichloroethane, nitrocellulose varnish in acetone, GIPI-4 varnish, adhesive No. 227, methyl meth- 
acrylate, and solutions of polymethyl methacrylate in dichloroethane. The present paper contains a description 
of a method for preparation of replicas of ice crystals from films of prepolymerized methyl methacrylate and of 
polymethyl methacrylate dissolved in dichloroethane; these were selected from the materials tried because they 
gave good reproducibility of the shape, dimensions, and surface structure of the ice crystals. The replica is formed 
by hardening of a liquid film of the substance with an included ice crystal. After melting of the crystal and evapor- 
ation of water the remaining solid film retains an imprint of the ice particle which reproduces its surface structure 


as well as its shape and size. 
Two methods for replica preparation were used. 


1. The laboratory method, in crystallization of ice from supercooled mist in a cooling chamber. Elements 
of the crystalline mist were collected by sedimentation on a glass plate coated with a layer of the replica former 
(Fig. 1); if the crystals were very small and not numerous, a special diffusor [13] was used, After a given time 
(definite for each replica former) at a low temperature, the specimen was examined under the microscope and 
photographed. Simultaneously with replica preparation, the crystals were observed directly in a small cooling 
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Fig, 1, Replicas of ice crystals from mist, on Fig, 2, Replica of a snowflake, on a film.of 
a film made from prepolymerized methyl prepolymerized methyl methacrylate, 


methacrylate, 


\ : 
chamber, on a piece of optical glass fixed inside the chamber in the focal plane of the observation microscope. 
This made it possible to control the quality of the replicas formed. 


2. The field method, intended for preparation of replicas of ice crystals and snowflakes in natural snow - 
falls (Fig. 2). 


The tens of thousands of replicas of crystals and snowflakes from 5 to 2000 microns in size obtained in these 
experiments in the temperature range from -2° to -26° on films of various substances showed that prepolymerized 
methyl methacrylate and a solution of polymethyl methacrylate in dichloroethane are the most suitable replica 
formers; their films are optically homogeneous, fairly transparent to visible light, and do not interact with water 
or ice. A very important advantage of these substances is that they give replicas which correspond accurately to 
ice crystals. The discrepancy between the linear dimensions of a replica and a crystal > 30 microns in size does 
not exceed 3 microns. 


Before use 0.01% of benzoyl peroxide by weight is added to methyl methacrylate monomer and the mixture 
is heated on a boiling water bath for 25 minutes. The viscosity of the replica former is taken to 3.2 poises. The 
average exposure time of the film is 5 minutes. If the film was exposed to wind, the useful exposure time was 
shortened considerably in accordance with the wind velocity because of the increased evaporation rate of the 
solvent, At a velocity of 20 meters/second the useful exposure time was 10-15 seconds. During heavy falls of 
snow the exposure time must be shortened 2 to 3-fold to avoid multilayer deposition of crystals. 


Since the physicochemical properties of prepolymerized methyl methacrylate alter with time owing to 
polymerization, if the substance has to be kept for more than two months it is recommended to use a 2% solution 
(by weight) of polymethyl methacrylate in dichloroethane. Chemically pure materials must be used for prepara- 
tion of the solutions, as impurities lower the replica quality. 


Samples of ice crystals are collected on glass slides, previously washed thoroughly and coated with films 
of the replica former from 50 to 100 microns thick immediately before exposure. With thicker films examinations 
of the replicas by transmitted light is difficult, while if the films are too thin the surface relief of large ice crystals 
is not reproduced. 


Under field conditions the place of exposure of the slides for collection of ice crystals from snow or crystal- 
line mist must be shielded from the wind and open to free access of falling ice crystals. The slides are laid hori- 
zontally at snow level, 


To prevent melting of the collected crystals, the replica former and glass slides are kept at a temperature 
below 0° before application of the films. In order to fix the replicas throughout the film volume the slides are 
held ata low temperature for 20-30 minutes after the crystal samples have been taken. 


This replica technique makes it possible to carry out microstructure investigations of crystalline mists and 


precipitations during the cold seasons of the year, and it can be applied to surface investigations of microstructure 
of mists when acted upon artificially from ground level and from aircraft, 
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1. A technique has been developed for preparation of replicas of ice crystals, whereby it is possible to 


SUMMARY 


study the dimensions, shape, and surface structural characteristics of crystalline phases in the atmosphere over a 
wide range of crystal sizes. 


2. ‘This replica technique opens up possibilities for investigation of ice crystals and ice-forming nuclei in 


the electron microscope, and aids microstructure’ investigations of the crystalline phases in clouds and mists 


exposed to artificial influences, 
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INCREASE OF THE SURFACE ACTIVITY 
OF SULFONIC ACIDS AND SULFONATES 


E. A. Myshkin 


Scientific Research Institute for Oil and Gas Processing and Production 
of Synthetic Liquid Fuel, Moscow 


The effectiveness of surface-active agents is based upon surface tension. The surface activity required in 
a particular product may vary over a wide range in accordance with its purpose. For example, emulsion breakers 
should have the highest possible surface activity at low concentrations (to 0.01%). In such cases their surface ten- 
sion at saturation concentrations of the surface layer does not appear to be of great importance. In the case of 
emulsifiers, on the other hand, the surface activity may be moderate but the surface film should be as strong as 
possible. Detergents should evidently occupy an intermediate position between emulsion breakers and emulsifiers, 
approaching the former, with regard to surface activity. It is therefore important to be able to regulate the sur- 
face activity of such products in the desired direction. 


The surface activity of water-soluble substances increases with molecular weight, in accordance with the 
Traube rule. However, this relationship holds only up to a certain limit. On further increase of molecular weight 
the surface activity falls, to such an extent for certain substances (such as sodium cerotate) that they do not alter 
the surface tension of water [1]. 


The cause of this is that the solubility of soaps falls with increase of molecular weight and surface tension 
increases when colloidal micelles appear in solution. The same may occur with increasing concentration of the 
solution. The surface-tension isotherm changes direction and turns upward at the concentration of micelle forma- 
tion. 


Thus, if the solubility can be increased sufficiently, a substance of high molecular weight can exhibit sur- 
face activity. The solubility of surface-activity sulfonic acids was increased in this investigation by replacement 
of the cations and by the use of combinations of substances of high and low molecular weights. 


It is known that ammonium soaps of organic acids are more soluble in water than the corresponding potas - 
sium or sodium soaps, Therefore the surface activity of the former is higher than of the latter. This is confirmed 
by the isotherms in Fig. 1 for surface tension of aqueous solutions of sodium and ammonium sulfonates prepared 
from the acid tar obtained in purification of spindle oil by oleum. 


Figure 1 shows that in the case of the sodium sulfonate the surface tension falls up to 0.06% concentration, 
and then rises. Ammonium sulfate has higher surface activity without a tendency to decrease in the investigated 


concentration range. 

Because of this higher surface activity of the ammonium sulfonate it was recommended as a more efficient 
emulsion breaker than the sodium compound [2]. The production and use of ammonium emulsion breakers (NChK) 
has been adopted in the oil industry. Evidently the same can be done with regard to other analogous surface-ac- 
tive agents if the introduction of an ammonium group does not adversely affect their other properties. 


Sulfonic acids of different molecular weights were used for studying the effectiveness of mixing substances 
of high and low molecular weight. Surface tension was determined by the capillary method in neutral solutions 
(after neutralization with caustic soda). 
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When sulfonic acids of low molecular weight are 


b, ergs/cm?* 
a added to sparingly-soluble sulfonic acids of high molec- 


uf ular weight the solubility of the latter is increased 
considerably. The surface activity of the mixture alters 
oo accordingly. However, the surface tension of a solution 
of a mixture decreases only up to a certain optimum 
50 ! amount of the low-molecular weight additive. The sur- 
a ee A Lee I face activity falls with further increase in the amount of 
40 0025 7050 q075 the latter. Table 2 gives the results of surface-tension 
Concentration, % determinations on mixtures of sulfonic acids formed in 
Fig, 1. Surface-tension isotherms of aqueous purification of oil and kerosene. Sulfonic acids of high 
solutions of sodium (1) and ammonium (2) molecular weight were obtained from alkaline wastes 
sulfonates. after purification of spindle oil by oleum, containing 24% 


sulfonic acids and 50% oil. Extraction (oil removal) was 
effected by addition of sulfonic acids from kerosene puri- 
fication; the minimum amount of the latter was 12%. 


70 
Table 1 shows that increase of the amount of sulfonic acids 
Pik from kerosene purification improves the surface activity of 
the mixture up to the optimum ratio of the components, 
“3 i 70:30. Further increase of the amount of sulfonic acids 
30 \ of low melecular weight lowers surface activity sharply. 
e The next series of experiments was performed with 
Ty 40 mixtures of sulfonic acids contained in the first wash liquors 
from purification of pyrolytic toluene and sulfonic acids 
30 from kerosene purification. During purification of the 
es Bel dec a toluene fraction the unsaturated hydrocarbons present are 
20h : polymerized and sulfonated to form compounds of relative- 
Pee me 9.0 ly high molecular weight. 

Fig. 2. Surface-tension isotherms of solutions Table 2 shows that in this case the optimum amount 
of sulfonic acids from purification of pyrolytic of the component of lower melecular weight is 40%. This 
toluene (1), their mixtures with 40% sulfonic mixture has high surface activity in dilute solutions and 
acids from kerosene purification (2), and low surface tension on saturation of the surface layer, 
Mersolat (3). which occurs at 0.015% concentration. 


Sulfonic acids from kerosene purification have 
considerably lower surface activity than sulfonic acids from toluene wastes. This is evidently why an excess 
(above the optimum) lowers the surface activity of the mixture. 


It follows from the surface-tension isotherms in Fig. 2 that the surface activity of the best mixtures of 
sulfonic acids from toluene wastes and from kerosene purification is not inferior to-that of the synthetic product 
Mersolat, and is even better at low solution concentrations. 


A similar increase of surface activity was obtained with other sulfonic acids of high molecular weight, 
isolated from waste products in the purification of transformer, cylinder, and white oils and of gas oil. 


Interesting results were obtained by combination of three types of sulfonic acids, extracted from waste in 
the purification of spindle oil, toluene, and kerosene. Values of the surface tension of solutions of these mixtures 
and of Tergitol * solutions are compared in Table 3. According to the literature, Tergitol has very high surface 
activity and is used as a wetting agent in dust removal. 


Table 3 shows that No, 2 mixture of sulfonic acids is close to Tergitol in surface activity, while mixture 


No, 1 is even better. 


*Tergitol [3] is a synthetic anionic agent (molecular weight 715) of the composition: 


HiyCp— CK C—O — (CH gq), H. 
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TABLE 1 


Surface Tension (ergs/ cm’) of Aqueous Solutions of Mixtures of 
Sulfonic Acids of Molecular Weight 370 and 280 


Surface tension, exgs/cm?, of sulfonic acids of 
Concentration Beco in presence of sulforie acids of m,w. 
er 0 


of sodium osené purification ), % of mixture 

sulfonates in 

water ‘/o 

12 Ee 30 | 35 
0,0425 69 63,3 65,5 71,3 
0,0250 59 06 oo; 4 65,7 
0,0375 57 90,3 47,5 fo 
0,05 one Ar 44,0 50,8 
0,075 47,4 41,5 42,9 49,2 
0,10 47,0 40,6 40,0 46,7 
0,15 42,0 ae 0O% S670 42,0 
TABLE 2 


Surface Tension (ergs/ cm?) of Aqueous Solutions of Sulfonic Acids from Purification of 
Pyrolytic Toluene and Their Mixtures with Sulfonic Acids from Kerosene Purification 


i i 2 of sulfonic acids from kerosene puri- 
centration oi Sufface tension, ergs/cm?, of sulfor ene pl 
pi se is ea fication mixed with sulfonic acid from toluene pufification % 


in water, % 0 yee | 40 45 | 400 
0,003 Para engi 00 Liesl 72,7 
0,004 CET Wy 47,5 124 7250 
0,005 1-57 70,0 36,0 43,0 UE 
0,01 pad 65,0 27,9 39,0 Tani 
0,045 41,2 43,7 25,6 35,0 67 
0/04 33.7 40:0 256 32.5 58 
0,10 33,7 35,0 20,6 — 48,7 
0730 36,8 35,0 26,9 as 34 

TABLE 3 


Surface Tension (ergs / cm’) of Aqueous Solutions of Ternary Mixtures of Sulfonic Acids 
and of Tergitol 


Surface tension, ergs/ cm? CODES Surface tension, ergs/cm? 
Concentration| tration fee 
in water, % |Mix. ofsulfonic acid a in water, Jo fUtX- ofsulfonic acid ee 
nei | m2 | m3 SER EHtO me | ez | mea | TBItO 
0,0005 10,0 | (6254 — — 0,003 33,7 | 48,0 | 41,6 38,5 
0,001 40,6 | 53,4 —_ oo 0,004 Bib, oy aly evaealh — 34,5 
0,0013 39,6 | 02,8 — 44,2 0,005 Ole 42,6 40,6 34,3 
0, 0022 OOH | eo — 40,9 0,01 30,0 | 38,8 | 30,8 _ 
0,0025 | 35,0] 48:8| — | 39,5 0/02 88,0139, 871 30,0-) << 


*The sulfonic acid mixtures No. 1 and No. 2 had the following composition; sulfonic 
acids from wastes of spindle oil purification 55.6%; from purification of pyrolytic toluene 
15.8%; from kerosene purification, 28.6%. Mixture No. 1 was prepared in 1952, and mix- 
ture No. 3 in 1957. Mixture No. 3 consisted of the following sulfonic acids: from puri- 
fication of solar oil, 63%; from kerosene purification, 24.6%; from purification of pyroly- 
tic toluene, 12.4%, 
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b, ergs/cm2 


b, ergs/em? 


2 
"oa 005 Bi az IS Tae i eh 
Concentration,” Concentration, 7% 

Fig. 3, Interfacial-tension isotherms Fig. 4, Interfacial-tension isotherms for 
for calcium sulfonates containing 12% aluminum sulfonates in petrolatum, con- 
(1) and 30% (2) of low-molecular taining 30% (1),12% (2), and 35% (3) of 
weight sulfonic acids in white oil at low-molecualr weight sulfonic acids at 
the water interface, the water interface, 


Thus, by using sulfonic acids of high and low molecular weight in different proportions, we can obtain 
mixtures with various surface activities. The most active of these can be used as emulsion breakers or additives 
for dust wetting and silicosis control. 


Combinations with lower contents of the lighter components, the adsorption films of which are stronger, 
are suitable for preparation of emulsifiers and dispersing agents. They should have an alkaline reaction for higher 
activity. 


The selection of the most active three-component mixtures is made difficult because a large number of 
samples must be prepared and tested. 


In this method for raising the surface activity, the component of low molecular weight must evidently be 
a substance allied to the component of high molecular weight, (wastes from kerosene purification in this case); 
attempts to replace it by acetic, isovaleric, and isobutyric acids were unsuccessful. 


Increase of the surface activity of sulfonic acids makes it possible to prépare highly effective calcium and 
aluminum sulfonates soluble in hydrocarbons from them. Fig. 3 and 4 show interfacial-tension isotherms (deter- 
mined by Rebinder’s method) for solutions of these sulfinates in medicinal oil at the water interface. The sul- 
fonates were prepared from mixtures of sulfonic acids obtained in purification of spindle oil and kerosene; their 
surface tensions are given in Table 1. It is seen that sulfonates obtained from mixtures of highest surface activity 
at the air interface have the highest activity at the water interface [4]. This fact enabled the author to obtain 
highly effective demulsifiers for dewatering and desalting petroleum [5]. 


The foregoing data suggests that the method described should have extensive applications for raising and 
regulating the surface activity of various surface-active agents, both water-soluble and soluble in hydrocarbons, 
SUMMARY 


1. Methods have been worked out for raising the surface activity of sulfonic acids and sulfonates, by in- 
troduction of the ammonium cation and by the combined use of sulfonic acids of high and low molecular weight. 


2. These methods can be used for increasing sharply and regulating the surface activity of sulfonic acids 
and sulfonates soluble in water and in hydrocarbons. 
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INVESTIGATION OF LATEX FOAMS 


I, FOAMING POWER OF RUBBER LA TEX 


D. M. Sandomirskii and A. A. Korotkova 


Scientific Research Institute of Rubber and Latex Goods, Moscow 


The process for production of sponge rubber from rubber latex is being increasingly widely used. One of 
the most important stages in this process is foaming of the latex mix, i.e., its conversion into a form which yields 
spongy rubber after gelation (coagulation) and vulcanization, The latex foam should have a number of definite 
properties; primarily, it should be stable enough not to break down under the influence of electrolytes during 
coagulation and of elevated temperatures during vulcanization. 


The literature contains a very large number of publications dealing with foams of molecular and colloidal 
solutions of surface-active substances, but analogous studies of latex foams are entirely lacking. Publications 
dealing with the production of sponge rubber from latexes are concerned with descriptions of the technological 
process, equipment, and properties of the finished product [4]. Only very recently a paper concerned with the 
stability of latex foams has been published [5]. 


Rubber latex is a polydisperse system in which the dispersion medium is a solution of colloidal, semicol- 
loidal, and molecularly -soluble substances, and the disperse phase consists of rubber globules with adsorbed layers 
of surface-active substances. In the case of latex mixes the system also contains particles of the other ingredients. 
Foaming in such a complex system and the properties of the foam formed should differ considerably from those of 
solutions of surface-active substances. 


This work was concerned with an investigation of the stability and other properties of latex foams. The 
present communication contains some results obtained in a study of the foaming power of butadiene —styrene 
latexes. Similar data were obtained for a number of other synthetic latexes, so that the results are of a fairly 
general character. 


Initially, the criterion of foaming power of latex was takento bethe “limiting” height hg of a foam 
column attained before destruction begins, as proposed by Dumanskii [2]. If the life of one foam bubble is 7; 
then with air entering the liquid through the capillary at velocity u foam will build up until the height of the 
foam column becomes 


ho = UTe 


Evidently hg depends on the properties of the system and may serve as a measure of foaming power. 
The apparatus used for foam formation in latex until the start of foam collapse is shown in Fig. 1. 


Water flows at a definite rate, regulated by the stopcock 2, from the 250 ml measuring cylinder 1 filled 
above the top mark through the open cock 3 into the bottle 4 and displaces air from it. The air velocity is 
measured by means of the flowmeter 5, and the pressure by the manometer 6. The cock 7 is used to adjust the 
apparatus to a definite air velocity. The stopper of the cock 8 has two orifices at right angles to each other, cor- 
responding to the two branches. The left branch of the cock, terminating in a capillary, leads to the stopper of 
the foaming vessel 9, and the right branch communicates with the atmosphere. 
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To adjust the apparatus to the required air velocity 
the stopper of the cock 8 is turned so that the left orifice 
is closed and the right is open. By regulation of the rate 
of water flow from the measuring cylinder 1 into the bottle 
4 and by adjustment of the regulating cock 7 it is possible 
to obtain the required air velocity in the apparatus, with 
the aid of the flowmeter 5, with the pressure in the ap- 
paratus corresponding to the resistance of the investigated 
liquid layer in the vessel 9. 


As a preliminary stage in the experiment, while 
water in the measuring cylinder is falling to the upper 
mark, the required air velocity is established in the ap- 
paratus. At the instant when the water in the cylinder 1 
has reached the mark the stopper of the cock 8 is quickly 
: turned and air is directed into the foaming vessel 9. The 
Fig. 1. Apparatus for studying foaming stopwatch is started at this instant. Foaming then begins, 
power of latex. and ends when the first 2-3 bubbles in the surface layer 

of the foam have burst. At that instant the cock 3 is 
closed and the stopwatch is stopped. This gives the foaming time to the start of collapse, as measured by the 
stopwatch, and the volume of the foam formed during this time as given by the volume of water flowing out of 
the measuring cylinder. 


Clearly, the volume of the foam formed is equivalent to the *limiting” height hp. 


Experiments on foaming of different latexes at different air velocities showed that the “limiting* volume 
of foam is not characteristic of a given system, as it depends considerably on the air velocity. The higher the 
air velocity, the greater the volume of foam which can be obtained before the start of collapse, and the more 
rapid the collapse. 


Table 1 contains results obtained in experiments on foaming of SKS-30 butadiene—styrene latexes of dif- 
ferent concentrations and of Nekal solution (used as the emulsifier in this latex) at different air velocities. 
TABLE 1 


Limiting Foam Volumes for Butadiene—Styrene Latex and Nekal Solution 


SMO MUP ALeR. Gixce ort A Nekal solution 
30% 25% 3,25% 
Tyas Foaming| limiting foaming limiting | foaming 
cae time t, lvt,cc,seqvolume |timet, \vt.cc.sec| volume | time t, | Vt, cc, sec 
V, eee | V,cc sec V,cc sec: 
64 18 1150 12 18 216 84 30 2520 
60 25 1500 13 16 208 83 29 2400 
42 24 1010 14 16 176 78 29 2260 
45 26 1170 15 11 165 76 34 2580 
43 34 1330 13 11 143 68 34 2100 
40 44 1760 18 9 162 64 3t 1980 
25 43 1070 26 8 208 61 36 2200 
25 50) 1250 23 7 161 60 43 2580 
23 55 1260 23 8 184 48 56 2680 
AVGIage oi. is) AB PAVEIAGE Ven at, 180 AVGTORR 2370 


Table 1 shows that the product of the "limiting" foam volume V and time t (Vt) taken to reach this vol- 
ume (equal to the life of a single bubble) is independent of the air supply rate, and may serve as the measure of 
the foaming power of a given system, 
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Fig. 2. Variations of the properties 
of SKS-50N latex with concentration: 
1) surface tensions 2) viscosity; 3) 
foaming power. 
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Fig. 3. Effect of polymer content on 
the surface tension of 4.3% Nekal 
solution. 
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Fig. 4. Effect of glycerol content on 


It can be shown that the value of Vt is determined 
by the physicochemical properties of the foamed liquid. 
It was observed during pneumatic foaming of latexes that 
the volume V, of a single foam bubble increases with the 
air velocity. Assuming that the “limiting” foam volume 
is 


V = Vyn, 


where nis the number of bubbles in the foam, assumed 
approximately to be constant, we can write 


Vt = Vint = const. (1) 


or 
V,t = const. (2) 


It follows from Equation (2) that for a given system 
the life of a single bubble, or its stability, decreases with 
increase of its volume (this was observed experimentally 
in qualitative form), and that for a given bubble stability 
the greater the bubble volume the higher the foaming 
power of the system. 


The following forces act on a bubble formed at the 
tip of a capillary when air is blown slowly through the 
layer of foaming liquid: 


1) the buoyancy force which tends to detach the 
bubble from the capillary 


F,y=V,(D—da)g, (3) 
where D is the density of the liquid, d is the density of air, 
and g is the acceleration due to gravity; 


2) the vertical component of surface tension, tend- 
ing to hold the bubble at the capillary 


properties of SKS-30 latex: 1) viscosity; ' 
2) foaming power. F, = 2nrosina = ano > (4) 


where r is the capillary radius; 9 is the surface tension at the liquid—air interface; a is the angle formed between 
the tangent to the bubble surface and the perpendicular to the capillary axis at the base of the bubble; R is the bub- 
ble radius. 

Calculations show that under our experimental conditions F, is negligible in comparison with Fy. Therefore 
there must be some other force which prevents separation of the bubble from the capillary. This may be the force 
of viscous resistance of the liquid. When the bubble forms and grows the liquid layers in contact with its surface 
are displaced. The higher the liquid viscosity, the greater the resistance offered by the movement of these layers 
to increase of the bubble volume and separation from the capillary. In the general form this resistance may be 


expressed by the Newton equation 


du 
Fs = 5 = (5) 
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TABLE 2 


Effects of Surface-Active Substances on Foaming Power of Dialyzed Latex 


eo I Se 


SKS-5ON latex Solution of surface-active agent 
- 
iti Vt,cc. sec; concent - fo} Vt, cc. sec 
aa pr ade bs | be | tration % dynes/cm 
_ — 45,4 4,7 83 — — — 
Nekal 4 40,4 4,4 282 0,5 33,8 396 
Same 2 37,6 4,3 360 AF0 32,9 380 
» 3 on 4,4 680 Ae oe a: 
Sodi leat 4 39,0 4,2 5S ; - 

pie cog — 2 36,0 4,2 85 1,0 Pathe? 705 
» 31 34,2 4,2 140 4,5 29,0 520 


where 7 is the viscosity of the liquid; S is the area of contact between the bubble and the liquid; du/dz is the 
velocity gradient of the liquid layers. At the instant when the bubble is detached from the capillary the forces 
Fy, Fy, and Fg are balanced, i.e. 


x d 
F,=F,+ FF, or V,(D—d)g = 2no = + 4S. (6) 


Hence the volume of the bubble at the instant of separation from the capillary is: 


dno oe + 98 = 
Vee (7) 
: (D—d)g 


Substituting this expression for V, into Equation (1) we have the following expression for the foaming power of the 
system: 


9 r? ais du 
ode og 
Vi = V,nt = page (8) 


which connects the foaming power with such properties of the foamed liquid as the surface tension and viscosity. 


In studies of latex foaming Vt was taken to be the measure of foaming power. The foaming experiments 
were conducted in the apparatus described above, with the same capillary and at the same air velocity in each 
case, and average values from 5-10 experiments were taken for Vt. The surface tension of the latex was mea- 
sured by the maximum bubble pressure method, and viscosity by the Hoeppler method. 


Variations of the surface tension, viscosity, and foaming power of the latex with concentration are plotted 
in Fig. 2. The original latex was diluted with distilled water. The surface tension varies only slightly with 
dilution, but viscosity and foaming power depend strongly and approximately equally on concentration. 


For a more detailed investigation of the influence of surface tension on foaming power SKS-50N butadiene 
— styrene latex was dialized. This raised the surface tension by 10-12 units. Nekal and potassium oleate were 
added to the dialyzed latex in the proportions of 1, 2, and 3% on the dry substance. The latex concentration 
remained constant (34%), Solutions of these substances at the concentrations found in latex serum were also 
investigated, The results are given in Table 2, 


It follows from Table 2 that addition of surface-active agents has almost no effect on the viscosity of the 
latex and therefore the observed change in the foaming power is due to changes of surface tension. The surface 
tension of latex is always somewhat higher than that of a surface-active agent of the corresponding concentration. 
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This is because part of the surface-active agent 
added to the dialyzed latex is adsorbed by the globules 
so that its concentration in the serum decreases, However, 
the globules may also have a direct influence on this 
surface tension of the latex. To test this hypothesis, 
20+ &ok Loo SKS-50N latex was diluted, not with distilled water, but 
with solution of emulsifier of the same concentration as 
in the latex serum. Fig. 3 shows that in this case the 


$7, centipoises 
Bo, dynes/cm 


10F 20F 2000 
surface tension increases with the latex concentration al- 
though the concentration of surface-active agent remains 
6 5 ¢ Ta constant. The globules make the surface tension of the 
Concentration % latex higher than that of a solution of the surface-active 
Fig. 5. Comparison of properties of agent of the same concentration. 


SKS-50N latex (continuous line) and 
Nekal solutions (dash line): 1) surface 
tension; 2) viscosity; 3) foaming power. 


Table 2 shows that the foaming power of the latex 
increases with decrease of surface tension on addition of 
Nekal or potassium oleate, but the nature of the increase 
depends on the surface-active agent added. Thus, the 
increase in the foaming power of latex is small when potassium oleate is added, whereas it is considerable after 
addition of Nekal. This is probably because mixed adsorption layers of lower stability are formed at the liquid 
—air interface when the soap is added. 


To determine the effect of viscosity, foaming experiments were performed with latex the viscosity of which 
was varied by addition of glycerol. The surface tension remained unchanged. The results, plotted in Fig. 4, show 
that foaming power increases appreciably with rise of viscosity. The symbatic variation of foaming power and 
viscosity is clearly seen. Similar relationships were observed on comparison of viscosity, surface tension, and 
foaming power of latex (not dialyzed) containing different amounts of Nekal, and of Nekal solutions of the same 
concentrations. The results are presented in Fig. 5 (data on the viscosity of Nekal solutions are not given in Fig. 
53 the value is about 1 centipoise and depends little on concentration). Increase of Nekal concentration has little 
effect on the surface tension either of the original undialyzed latex or of the solution, but produces a considerable 
increase in the structural viscosity of the latex. The foaming power of the latex also increases sharply. The foam- 
ing power of Nekal solutions varies little, in accordance with the slight changes in their surface tension and vis- 
cosity. 


The results therefore show that, in contrast to solutions of surface—active agents, the foaming power of latex 
depends not only on surface tension but also on viscosity, especially if the latter becomes of the structural type, 
as in the case of concentrated latex or on addition of thickening agents if this does not cause destabilization of the 
latex. 


The foaming power of latexes of relatively low concentration (25-30%) and low viscosity the foaming power 
is determined by their surface tension, increasing with decrease of the latter. In Equation (8) the foaming power 
Vt increases primarily owing to the value of t, representing the stability of a foam bubble, which increases with 
decrease of surface tension g. 

At a certain sufficiently low value of the surface tension, which is characteristic of commercial butadiene 


—styrene latex, the foaming power rises sharply with increase of viscosity. In this case Vt in Equation (8) increases 
both owing to the viscosity of the system n and to t, which increases with the viscosity. 


The experiments show that the rate of draining of the liquid from the foam films decreases with increase of 
viscosity; this slows down attenuation of the films and therefore raises the foam stability. Moreover, the strength 
of the foam films should increase with thickening, and this also leads to increased foam stability and foaming 
power of the system. 


SUMMARY 


1. The foaming of rubber latex was studied at different velocities of air blown through it. The product 
of the foam volume V and the time of foam formation to the start of collapse t is independent of the air velocity 
and is a measure of the foaming power of the latex. 
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2. The effects of latex concentration, surface tension, and viscosity on foaming power were investigated. 


3. Ina fairly concentrated latex the principal factor determining foam stability is the viscosity. 
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AGGLOMERATION OF LATEX PARTICLES 
BY THE ACTION OF SODIUM CHLORIDE 


S. A. Selivanovskii and N. M. Ershova 


The S. V. Lebedev Scientific Research Institute of Synthetic Rubber, Leningrad 


It is known [1, 2] that fluid concentrates with high polymer contents, which are of practical importance in ~ 
a number of cases, can be obtained only from latexes containing large polymer particles. Such latexes can be 
obtained either in the course of synthesis by suitable modification of the polymerization conditions (decrease of 
the amount of emulsifier, etc.) or by increase of the particle size in the finished latexes, which may be achieved 
by addition of electrolytes [3] or solvents [1]. 


The first way inevitably slows down the reaction and lowers the output of the equipment, as the rate of 
polymerization in emulsion depends on the number of particles per unit volume [4] or their total surface [5]. In 
the second case polymerization may be effected at a high rate, but a special operation—agglomeration of the 
latex particles—must be performed. The purpose of the present investigation was to determine the basic condi- 
tions for increasing the particle size in latexes, prepared by polymerization of various monomers with different 
emulsifiers, by the action of electrolytes (sodium chloride). The results obtained may at the same time help 
in understanding the processes taking place at the early stages of latex coagulation. 


The following latexes were synthesized for the investigation: 1) butadiene—styrene latex SKS-30, with the 
sodium soap of synthetic fatty acids ("sodium paraffinate”) as emulsifier; 2) chloroprene latexes with sodium 
oleate, Nekal, and OP-10 wetting agent as emulsifiers; 3) polystyrene latex with sodium oleate as emulsifier. The 
synthetic fatty ("paraffinic") acids comprised a technical mixture of saturated fatty acids with between 10 and 16 
carbon atoms in the chain, acid number 252, and average molecular weight 222. Nekal (sodium di-sec-butyl- 
naphthalene sulfonate) was the technical product carefully purified to remove mineral salts (sodium sulfate and 
sodium chloride) by repeated solution in butyl alcohol followed by evaporation of the butyl alcohol and vacuum 
drying; it contained 98.5% surface -active material (the rest was water). Wetting agent OP-10 was the technical 
product of condensation of alkyl phenols with ethylene oxide [6], containing 11.25% water; the average molecular 
weight was 690* [7]. The latexes were stabilized by 1% of hydroquinone (used as 3% aqueous solution calculated 
on the monomers taken). Unchanged monomers were removed from the butadiene —styrene and polystyrene latexes 
by steam distillation under vacuum. Brief details of the latexes are given in Table 1. 


The average volume-—surface radius of the latex particles was determined by adsorption titration with a solu- 
tion of the emulsifier used in the production of the given latex, until the start of formation of soap micelles in ihe 
aqueous phase as found from changes in the surface tension at the latex—air interface determined by means of the 


du Nouy tensiometer [7]. 

The use of this method with agglomerated latexes is justified by the fact that, as was demonstrated by 
Schmidt and Kalsey [3], compact spherical particles rather than loose aggregates coalesced at separate points 
are formed in agglomeration. 

The areas occupied by molecules of different emulsifiers in the adsorption layer were determined by 
parallel titrations of the latexes with solutions of the emulsifiers and sodium oleate, the area occupied by a 
sodium oleate molecule being taken as 28.2+107'8 cm”, as given by Maron [8]. The results, used in subsequent 
calculations, are given in Table 2, 


*Found from the hydroxyl content by phthalation. 
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TABLE 1 


Main Properties of Latexes 


«c:,, |Conversion| Solids pH Particle 
bMee See ly content, % | of latex |radius, my 

SKS-30 latex Sodium 79,0 30,7 9,3 17,4 
paraffinate 

Polystyrene Sodium 92,7 33,9 10,4 38,6 

latex oleate 

Chloroprene Same 99,6 37,9 11,4 39,0 

cae Nekal 99,9 37,4 12,0 44,5 

» OP-10 98 ,9 7,0 1258 o2ee 
TABLE 2 


Areas Occupied by Molecules of Different 
Emulsifiers in the Adsorption Layer 


Adsorption area of 
molecule x 1018, cm? 


Emulsifier 


Sodium oleate 


Potassium paraffinate 34.5 
Nekal 45.1 
OP-10 74.5 


TABLE 3 


Variations of Particle Size in Polystyrene Latex and SKS-30 Latex with Sodium Chloride Concentration in the 
Aqueous Phase after 9 Days 


NaCl content of 
aqueous phase, % 


Particle radius in SKS-30 


latex, MU Latex 


Particle radius of poly- coagulates 


styrene latex, mp Latex coagulates 


The determinations of particle size were accompanied by determinations of the degree of saturation of the 
adsorption layers on the latex particles by the emulsifiers, i.e., the ratio, expressed as a percentage, of the amount 
of emulsifier in the layers before titration to the amount present at the instant of micelle formation in the aqueous 
phase [9]. 


To investigate the agglomerating action of sodium chloride, equal weights of aqueous sodium chloride solu- 
tions of different concentrations were added to weighed portions of latex in which the particle size had been pre- 
viously determined, and the liquids were mixed thoroughly. The mixed liquids were kept for 9 days at room 
temperature (preliminary experiments showed that particle agglomeration is almost complete at the end of this 
time) and those which did not undergo phase separation or coagulation were then diluted with an equal quantity 
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TABLE 4 
Variations of Particle Size in Chloroprene Latex with Sodium Chloride 
Concentration in the Aqueous Phase after 9 Days 


Linth, PLU SR eae sie ee es 
Particle radii of chloroprene latexes, mu, in 


NaCl content of aqueou presence of emulsfiers 
phase, % 
sodium oleate | nekal OP-10 
— 39,0 44,5 o2:2 
0,5 39,4 — = 
0,6 395 ee fe 
0,8 42,4 ze ea 
1,0 46,6 46,2 33,0 
1,4 100, 4 — _ 
1,5 Separation 48 ,6 — 
2,0 A) 54,3 _ 
2,2 » Separation — 
12,3 > » 33,9 


of water (pH ~ 11) to lower the salt concentration below 
the critical value* and to stop further agglomeration of 
the particle. The average volume—surface radius of the 
particles in the diluted samples was determined. To de- 
termine variations of particle size with time, samples 
were prepared containing the maximum amount of salt 
which does not cause phase separation and coagulation 
of the latex, and portions were taken out after 3, 6, and 
9 days for determination of the particle size (after the 
appropriate dilution), The results are given in Tables 


Ye 
ifn) 


iv) 
S 


Number of partciles in agglomerate 
a 


bs 3-6 and Fig. 1-6. 
: 3 It follows from these results that the effects of ad- 
fh ded sodium chloride differ in accordance with the nature 
Opt SB ae hoe ea of the emulsifier and polymer. In butadiene—styrene and 
; = ? chloroprene latexes made with fatty acid soaps as emulsifiers 
Fig. 1.. Average number. of P. pieles addition of sodium chloride in amounts to give over 0.7% 
ine app omer ate a8 oetion of (the critical concentration) in the aqueous phase results in 
SOR cee eer an tie appreciable agglomeration of the latex particles; the ex- 
aqueous phase, after 9 days of kage tent of this agglomeration increases with the salt concen- 
fo ee een, pesartinates tration until the latex loses its stability. At the limit the 
Hg i al a ede alka average volume—surface radius of the particles can be 
8) same, With Nekal; 4) sante, with OP-10. increased more than three fold in the case of butadiene 


—styrene latex (Table 3) and 2.5-fold in the case of chloro- 
prene latex (Table 4), In chloroprene latex with Nekal as emulsifier particle agglomeration is considerably less: 
the maximum increase of particle size attained in this case was only 122% (Table 4). This is probably because 
dibutylnaphthalene-sulfonic acid is a considerably stronger acid than oleic and the saturated fatty acids. In 
chloroprene latex, prepared with the nonionic emulsifier OP-10, stability is due to the high mechanical strength 
of the protective layer on the particles, which are virtually uncharged,**and therefore addition even of very large 
amounts of sodium chloride (12.3% in the aqueous phase) does not cause particle growth. 

Addition of sodium chloride in an amount sufficient to give 0.75% in the aqueous phase to deodorized 
polystyrene latex made with sodium oleate did not cause either lowering of surface tension or increase of particle 


*Here the critical concentration is taken to mean the minimum salt concentration at which particle agglomera - 


tion begins. 
* *In this case the zeta potential is very small and is of the induced type. 
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TABLE 5 


Variations of Particle Size with Time in Butadiene—Styrene and Chloroprene Latexes on 
Addition of Sodium Chloride 


NaCl Particle radius, mp, eg storage time in 


Latex Emulsifier rene ays 
ci aeee 0 3 Tre ee 
SKS-30 Sosium paraffinate i 3 aa oe alee Ae 
cileropiene ron oleate 20 i AG 53.8 me 5 me 3 
TABLE 6 


Variations of the Degree of Saturation of the Protective Layers with Emulsifier (%) after 
9 Days with the Concentration of Added Sodium Chloride in the Aqueous Phase 


KS-30 hloroprene latexes KS-30 Chloroprene latexes, 
NaCl content/atex with L, NaCl content! atex with y 
of aqueous sodium of aqueous bodium 
phase, % araffinatewithsodi-| with | phase, % araffinatéwithsodi-| with 
To umoleaté nekal fo um oleat@ nekal 


0,00 18,1 34,6 Sst. 4,00 — ALS 40,7 

0,50 18,3 — — 1,40 — 88,5 — 

0,60 —_ 34,6 — 4,50 55),9 —_ 43,9 

0,75 24,3 fa oa 4,90 66,5 = et 

0,80 ae 36,8 = 2,00 ists =< 47,9 
i 
wo 
25 1 
3 dynes /cm 
obo 
200 70 } 
A 15 a 60 
g 5 
6) 0 2 
os 
Ei y 40 ] 
ey 30 3 4 
Ne, Q2 04 06 08 10 12 14 16 18 20 
2 3 Concentration of NaCl,% 
q 6 9 Pig. 3. Surface tension variations of dif- 
4 Time, days ferent latexes with concentration of sodi- 


Fig. 2. Effect of storage time on the number 
of particles in agglomerates formed after ad- 
dition of sodium chloride: 1) SKS-80 latex 

with sodium paraffinate; 2) chloroprene latex 


with sodium oleate; 3) the same, with Nekal. 


um chioride in the aqueous phase, after 9 
days of storage: 1) polystyrene latex with 
sodium oleate; 2) SKS-30 latex with sodi- 
um paraffinate; 3) chloroprene latex with 
sodium oleate; 4) same, with Nekal; 5) 
same, with OP-10. 


size, This may be because solid particles of polystyrene do not tend to cohere [10], or because the salt concen- 
tration used was below the critical value; higher concentrations could not be used because this latex sample was 


not sufficiently stable to electrolytes. 


It follows from the data in Table 5 and Fig. 2 that in butadiene —styrene and especially in chloroprene 
latexes prepared with fatty acid soaps as emulsifiers particle growth on addition of sodium chloride was rapid 


during 3 days and then slowed down appreciably (Fig. 3). 
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b, dynes/cm 


3 6 9 
Days 
Fig. 4. Effect of storage time on the 
surface tension of different latexes with 
added sodium chloride: 1) SKS-30 latex 
with sodium paraffinate; 2) chloroprene 
latex with sodium oleate; 3) same, with 
sodium paraffinate. 


b, cynes/cm 


70 
50 
50 
40 


30 


20 40 60 80 100 
Satuation % 


Fig. 6. Variations of the surface tension 
of latexes with the degree of saturation of 
the layers with emulsifier: 1) original 

SKS-30 latex; 2) same, with 1.5% NaCl; 
3) original chloroprene latex made with 


sodium oleate; 4) same, with 0.5% NaCl. 


2) So 
S S 


Satuation % 
ee 


ASE 7 ST NeMeaee 7 Ra F RSEREN 


Particle radius,mp- 
Fig. 5. Variation of the degree of satura - 
tion in different latexes with changes of 
particle radius on agglomeration: 1) 
SKS-30 latex with sodium paraffinate; 
2) chloroprene latex with sodium oleate; 
3) same, with Nekal. 


The degree of saturation of the adsorption layers of 
the latex particles with emulsifier during growth under the 
influence of added sodium chloride (Table 6 and Fig. 4 and 
5) increases in direct proportion to the particle radius, while 
variations of the surface tension of the latex with the degree 
of saturation of the layers on the polymer particles before 
and after agglomeration are represented by curves which are 
almost identical (within the accuracy limits of the methods 
used) (Fig. 6). These facts show convincingly that the dis- 
tribution of the emulsifier (in the adsorbed state and dissolved 
in the liquid phase) is approximately the same in presence 
of the electrolyte as in its absence.* Additions of sodium 
chloride do not cause desorption of the emulsifier, apart 
from that due to its redistribution owing to increases satura - 
tion of the layers; this is contrary to previous suggestions 
[3, 8]. 


SUMMARY 


1. Particle agglomeration under the influence of added sodium chloride was studied in latexes prepared 
by emulsion polymerization of styrene, butadiene with styrene, and chloroprene, in presence of various emulsi- 
fiers (fatty acid soaps, Nekal, OP-10). The degree of agglomeration depends on the nature of the emulsifier and 
polymer. Particle agglomeration does not occur in polystyrene latexes and latexes made in presence of nonionic 


emulsifiers. 


2. The relationship between surface tension of latexes and the degree of saturation of the protective layers 
is approximately the same before as after agglomeration of the particles by addition of sodium chloride. 


We thank N. A. Fermor for help in the course of this investigation and in its presentation. 


* For a given degree of saturation of the layers the concentration of dissolved emulsifier in the aqueous phase 
may even be somewhat less in presence of electrolytes, since in this case the same surface tension is attained 
by increase of the emulsifier concentration at the latex-air interface with a corresponding decrease in the 


volume phase, 
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CHANGES IN THE STRUCTUROMECHANICAL 
AND RHEOLOGICAL PROPERTIES OF STARCH GELS 
PRODUCED BY THE ACTION OF ACIDS 


A. V. Senakhov and F. I. Sadov 


The Moscow Textile Institute 


The hydrolysis of starch has already been thoroughly studied. However, until now there have not been any 
papers dealing with changes in the structuromechanical properties of starch gels under the influence of acids. 
We have investigated variations of the structuromechanical properties of starch gels in relation to the nature and 
concentration of the acids, duration and temperature of hydrolysis, and starch concentration in the gel. The meth- 
ods used for determination of the structuromechanical and rheological properties of starch gels were described in 
the preceding paper [1]. Comparison of different technical samples of nonmodified maize starch revealed con- 
siderable variations (by factors of 2-3 and over) in the structuromechanical data for gels of equal concentrations. 
The subsequent investigation was confined to one starch sample, containing 12.6% moisture and 0.189% ash. 


A preliminary study of the action of acid (HC1) on starch gels* showed that in the region of low acid con- 
centrations all the structuromechanical characteristics of the gels (E,, Ez,72 and Pj;,,, subsequently denoted by 
X) exhibited a more complex relationship than the expected decrease. 


It was found in a more detailed study in the region of low acid concentrations c] by measurements of the 
dynamic yield value Ps that at any of the investigated concentrations of starch in the gel cg the values of Pg 
corresponding to ranges of cj from zero to a certain value c{ =c¢j, do not show any variations with cf and there 
is a certain boundary curve Psy (Cc) )** which separates the regions of constant and variable P,. Therefore values 
of P,= Px, which lie on this mie are equal to values of Ps, for gels from nonmodified starch, while the curve 
Psp (cy), itself, as is clear from Fig. 1, is parabolic in character, Comparison of the c’ intercepts (cut off along 
the c] axis in Fig, 1 by the points Oy, Oy, O3 and O,) for different values of cg showed that in reality the values 
of c} and the corresponding values of Ps,=Ps correspond to the same quantity of acid expressed in percentages on 
the weight of bone-dry starch, This fact may be attributed to binding of the acid at the initial stage of the process, 
corresponding to the initial regions of the Ps (c?), curves cut off by the Pg} (c{) curve and parallel to the abscissa 
axis, This hypothesis was confirmed by parallel determinations of the iodine numbers (q)*. 


feo 10 4 # ** and the acid concentrations are represented by 
Yoo — Iq 

straight lines cutting the abscissa axis in direct proximity to the values of c*; corresponding to the points Oy, 
O,, Og and O, on the cy axis (Fig. 1). 


(q).*** The relationships between y = lg 


*The time of action of the acid on the starch during boiling of the pastes up to the instant of neutralization was 
constant (1 hour). 

* «The position of the Psp(cj), curve shown in Fig. 1 was also checked by determinations of P, corresponding to 
the points O;, Oz, O, and O, on the cf’ axis, while the positions of these points were determined by potentio- 
metric titration [4]. 

* **The iodine numbers (q) of hydrolyzed starch in the gels were determined by the ferrocyanide method [2]. 

* «**Here do is the iodine number of glucose; qy is the iodine number of the original starch; dp is the iodine 
number corresponding to a definite degree of hydrolysis of the starch. 
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" 
ae 
Zt 200 
C,) 
I 
y(c") 
] 100 


¢) 3 1S 
C,:10'g— equiv/kg 
Fig. 1. The functions P,(cy) and y(c}) for starch gels of different 
concentrations (cy): 1) 9%; 2) 12%; 3) 15%; 4) 18%. 


Binding of acid by starch has been studied previously [3, 4]. It was shown by Smirnov [4] that binding of 
acid by starch is due to a considerable extent to various impurities bound in different ways to the starch. The 
fact that during the entire binding process there is no appreciable change in the original values of Ps = Ps. 
which correspond to gels from nonmodified starch, and therefore no appreciable changes in the structural net- 
work of the gels, indicates that the functional groups in the molecules of the impurities reacting with the acid 
are not involved in formation of the structural network of the gel. 


On further increase of the acid concentration c,” binding is replaced by hydrolysis, and P, decreases in 
consequence. Therefore in studies of starch hydrolysis use should be made of the concept of free (active) acid 


e eo 


Cy Gy 161s 


where c, is the concentration of free acid acting as catalyst; cf is the total acid concentration in the gel; cj is 
the decrease of the total acid concentration cf as the result of binding of a part of it by starch (in Fig. 3-5 it 
lies in the negative region, to the left of the ordinate axis). 


The complex form of the Ps(cj’ ) relationships for different values of c2, found in the initial stages of 
hydrolysis, cannot, to judge by the character of the corresponding y(cf) relationships, be attributed to any pecu- 
liarities in the course of starch hydrolysis at these stages; it is more correctly explained by characteristic struc- 
tural changes in the starch gels, which are a consequence of hydrolysis of starch occurring in the usual manner 
(i.e., in accordance with a first-order reaction equation). 


After the nature of the variations of P, at the boundary between acid binding and hydrolysis had been 
established, changes in the structuromechanical characteristics X of the starch gels during hydrolysis were in- 
vestigated. Starch gels of a definite degree of hydrolysis were prepared by two different methods: by prelim- 
inary hydrolysis of starch in suspension at 18-19° followed by conversion into paste, and by hydrolysis of starch 
previously converted into paste in solution at 91-92°. 


The hydrolysis of starch in suspension was carried out at constant acid concentration c, = 1.0 g-equiv/kg, 
but during different times r , A preliminary study of the function P(t) at cy = const. showed that the resultant 
P(T curves were similar to the Ps(c*), curves shown in Fig. 1 if these were plotted in P,—c, coordinates. The 
ranges of t for the subsequent investigations of the other characteristics X were confined to regions of steady 
descent of the Ps(r )curves, which correspond to the similar regions of the X(c,) curves (see below) lying in the 
Il, region to the right of the X cr(c,, cp) curve (Fig. 3-5). 
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TABLE 1 


Main Values Characterizing Variations of X* and q for Starch Gels as the Result of Hydrol - 
ysis of Maize Starch in Solution and in Suspension in Presence of HCl 


Quantity for i )A* 10-7" 
which values | po, | (2) (x3 y) ag [E*20°3 ant. 10-8, ast 


6 uiv , 4 
of A and E* beter (ai g- ey ie: ‘peels pipe, cal/ mole‘deg 


are determined | 


e [ate sei |em [on 
i eee hae, | 

ve | ef ae | st | 

He 3645 tee bi 60! | 30,2 | +29,6 | -+7,73 
Pe | 3648 | ttagaoe | 557 | 6,13 
Pihiy lige oh Geacaga ate 5,90 

q 3e4s | eae | @,08-40-* | 0,04 


*Values of A(x*, y) were calculated from average values of lg kx, y) for the given 
range of hydrolysis temperatures. 


Hydrolysis of starch in suspension form in these ranges ofr yielded samples of different degrees of hydrol- 
ysis, which could be regarded as individual thickeners of different properties. For each such sample there was 
its own X(cy) concentration curve, represented by an equation of the type: 


X = X'eq, (1) 


already discussed in our previous communication [1]. The average value of n (nay) for all values of X was taken. 
It was found that with increase of the degree of hydrolysis (with increase of the hydrolysis time t in this instance) 
the constants X’ decreased sharply and the index n in Equations (1) increased appreciably. The lg X°(t) relation- 
ships can be represented by the straight lines in Fig. 2, so that the rate constants kx, for variations of the corre- 
sponding values of X° in the course of hydrolysis can be found (Table 1). The function lg (n-ny) = f (1g T)is 
also close to linear in character, and is found by rectification of the lg n= f(lg 1) curve, by selection of a 
suitable value for ny. 


The effect of acid concentration on the structuromechanical characteristics of the gels was studied by 
hydrolysis of starch in solution for constant time t = 1 hour. The results are presented in Fig. 3-5, where the 
X(c,) relationships are plotted. The ordinate axes used for Ey, E,, nz and P,;,,, were the corresponding X}(cj), 
boundary curves the positions of which, like the position of the Pg ( cy") curve, were determined from potentio- 
metric titration data. 


P,, and 71, which characterize the plastic properties of a system and which do not exist for gels of non- 
hydrolyzed starch, are likewise absent at the earliest stages of hydrolysis; on further hydrolysis they indicate the 
appearance of a region of plastic flow, corresponding to the ranges P,, < P <Py;1,, for the gels. Moreover, as is 
shown later in this paper, the regions of steady descent of the X(c,) curves, which commence to the right of the 
maxima on these curves, conform to Equation (4) (see below) for all X characteristics. Because of these two 
facts it is convenient to divide the X(c;) curves for E;, Ez, nz and P);,, into three consecutive regions, and the 
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P),(c,) and 7 ;(c,), curves into two regions. If the points 
on the X(c;) curves for Ey, Ez, nz and Pyjm)> corresponding 
to transitions from one region to another on the X(c,) 
curves, are denoted by X,,, and Xcr, respectively, then 
evidently in the transition trom one value of c, to another, 
these points form certain boundary curves Xcr, (c,, cz) and 
Xer, (C1, C2), shown by dash lines in Fig. 3-5. The 

(cy, Cp) curve for a given X divides all the regions of starch 
hydrolysis into two main regions (I and II), while the Xcr 
(cy, C2) curve additionally divides the region II into two 
subregions II, and Il, (see Fig. 3 and 5). It is evident that 
for P,, and ny the points X,,, on the X(c,) curves coincide 
with the initial points X9 of these curves, i.e., the 
Xer,(cy, C2) boundary curves in this case coincide with 

the Xo(cy, cy) curves, and there is no region I for the 
P},(cy) and n;(c;) curves. Region I corresponds to absence 
of a plasticity element (II), composed of the quantities 

Py, and ny, in the structuromechanical gel model [1], and 
it may be regarded as the brittle region for hydrolyzed 
starch gels, corresponding to the presence of a nonthixo- 
tropic skeleton in addition to a thixotropic structural net- 
work, Region II corresponds to the presence of a plasticity 


+h 


+3 


+¢ 


+] 


= 


ae 100 150 200 T, hours element [1] in the structuromechanical gel model, and 
Fig. 2. lg X*(t) * relationships for gels of may be regarded as the plastic region for hydrolyzed gels, 
hydrolyzed starch: 1) lg P*,; 2) 1 Pim? corresponding to the presence of a thixotropic network 
3) 1g E33 4) 1g Ef; 5) lg n23 6) Ig ny; 7) only. The stage at which the plastic element appears, 
1g(dq5-4): corresponding to disappearance of the nonthixotropic 


skeleton from the gels, virtually coincides for each X 
with the corresponding X,,,(c,, C2) curve. The subregions II, and Il, respectively are regions in which the given 
X value conforms and does not conform to Equation (4). 


Fig. 3. shows that in the case of hydrolyzed starch gels plastic flow is possible at yield (P};,,) and flow 
(P,.) values considerably higher than the corresponding values of P);,,, for gels of the same concentration from 
nonmodified starch, P);,,_. This may be attributed to a considerable increase of the number of bonds forming 
a network skeleton in the gel which occurs at definite stages of hydrolysis. 


This effect, and the nature of the curves in Fig. 3-5, may be explained schematically by the diagram in 
Fig. 6. Hydrolysis of starch gels may be regarded as consisting of at least two simultaneous processes: hydrolytic 
breakdown of the original structural network (network A), and formation with subsequent breakdown of an addi- 
tional network (network B). Networks A and B are superposed to form an aggregate network C, which deter - 
mines the structuromechanical characteristics X of the starch gels. Thecontinuous line in Fig. 6 represents one 
experimental X(c,) curve at aconstant C2, denoted by the letter d and reflecting the changes of X corresponding 
to network C, The dash lines in the same diagram indicate the possible form of curves a and b for variations 
of the structuromechanical properties of networks A and B in the course of hydrolysis. Network A is similar to 
the networks in gels from nonhydrolyzed starch which have, as has already been noted, brittle properties. Our 
experimental data on the action of salts on starch gels* *indicate that the bonds involved in the formation of the 
structural network are not all the same. Some of them are weaker and may possibly have thixotropic properties, 
as they canbreak down at very low salt concentrations in certain ranges of cp. This leads to the suggestion that 
the brittle properties of network A are determined only by the part of the bonds which do not have thixotropic 
properties, i.e., that network A consists of a nonthixotropic skeleton and a thixotropic network mutually super- 
posed. Hydrolysis results in an increase in the number of thixotropic bonds at the expense of the nonthixotropic, 


*lg = log—Publisher. 
«*The data on the action of salts on starch gels are tobe presented in a future communication. 
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and in increased thixotropy of the former. This leads to weakening of the nonthixotropic skeleton. At a certain’ 
stage of hydrolysis the number of nonthixotropic bonds in the system decreases so much as to be insufficient to 
form a coherent skeleton and from this instant the mechanical properties of the structure are determined by the’ 
thixotropic network only. This instant (the point ac, in Curve a, Fig. 6) corresponds to transition from the initial 
region of Curve a to the succeeding region for the characteristics E,, Ey, nz and Py;,,, which already exist in the 
original network A, and to appearance of the characteristics Pj, and n, in network A. If it is further assumed that 
network B is completely thixotropic, i.e., that only network A is responsible for brittle properties in the aggregate 
network C, then the position of the point acy also determines the instant (or stage) at which network C loses its 
brittle properties, i.e., the position of the point X¢r, or of the corresponding intercept on the Xcr, (Cj, Cy), Curve. 


At the initial instant of hydrolysis, when network B is absent, network A represents the primary gel structure, 
i.e., the structure of a gel of nonhydrolyzed starch. The smooth descent of the earliest regions of the X(c1) curves 
for Ey, Ez, n2 and Pjjm indicates that the gel structure at the corresponding hydrolysis stages resembles the primary 
structure. The regions of the X(c,) curves to the right of the X¢,y points correspond.to the secondary gel structure. 
The intermediate regions of the X(c,) curves, each including a minimum and a maximum, correspond to some 
intermediate type of structure. The primary (more complex) gel structure may be imagined as consisting of dense 
accumulations (aggregates) of starch macromolecules bound by a relatively small number of bonds. Hydrolysis of 
the starch results in a decrease in the size of the original aggregates or their breakdown into smaller aggregates, 
accompanied by an increase of the number of bonds between them. These new bonds lead to the formation of the 
additional network B, which raises the values of the quantities X at the corresponding hydrolysis stages. When the 
limiting degree of aggregate breakdown, corresponding to the points Xcrg, is reached, hydrolytic formation of the 
secondary structure ends and further hydrolysis leads only to hydrolytic breakdown of the secondary structure in ac- 
cordance with Equation (4). It is possible that breakdown of network A in some way facilitates formation of net- 
work B. It is evident that formation of network B is also a complex process, consisting of at least two competing 
processes: hydrolytic weakening and breakdown of bonds formed previously, and simultaneous formation of new 
bonds. The aggregate result of these two processes determines to form of Curve b. At the initial region of Curve 
b formation of new bonds predominates, and after the maximum has been reached the breakdown process begins 
to prevail. From a certain point bey (the inflection of Curve b) bond breakdown in network B reaches a steady 
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Fig. 4.4.2(c,) curves for gels of hydrolyzed starch of different con- 
centrations (cy): 9%; 2) 12%; 3) 15%; 4) 18%. 


state and from this point Curve b begins to descend monotonically. The position of the point be; on Curve b 
on Curve b, which establishes the upper limit of conformity 


evidently determines the position of the point X Cl 
of Curve b to Equation (4). 


Fig, 3 shows that with equal absolute values 
centrations the relative magnitude of these ranges increases with increase of starch concentration in the gels. 


This is accompanied by corresponding increases in the concentration of active acid. If it is assumed that the 
plasticity of the system increases with increase of the relative magnitude of the region of relaxational creep 
(see [1]), it may be concluded that with equal absolute values of the stress ranges Pk < P< Piim the plasticity 
of the gels increases with increase of their concentration, accompanied by corresponding increases in the degree 
of hydrolysis. This probably explains why an increase of the starch concentration in a thickener paste with cor- 
responding increase of its degree of hydrolysis is accompanied by an appreciable improvement of its printing 
properties. There is probably a definite limit of starch concentration in the thickener below which the printing 
properties deteriorate so much that the thickener is practically useless. This may be due to the existence of a 


of the stress ranges Py< P< Phim for gels of different con- 


very narrow stress range P, < P< P4j,, in such cases, 
On the other hand, however, there may be a certain upper limit of starch concentration (and, corresponding - 


ly, of degree of hydrolysis) above which the purely viscous gel properties become prominent and the plasticity 
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Fig. 5. E,,2(c,) curves for gels of hydrolyzed starch of different 
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4 accordingly decreases. It is possible that dextrin thicken- 
ers are above this limit, as their rheological behavior is 
determined to a considerable extent by purely viscous 
properties, * so that excessively high concentrations must 
be used. 


It follows from the foregoing that in comparison of 
different thickeners the criterion is not the degree of 
structurization but the character and properties of their 
internal structure. Since for all the thickeners studied 
the numerical value of n in Equation (1) is considerably 
greater than 2/3, the degree of structurization of their 
solutions must rise sharply with the concentration. Of two 
thickeners, solutions of which have similar printing pro- 
perties at different concentrations, the better one is the 
one which has the higher degree of structurization in 
solutions at lower concentrations, i.e., for which the value 
ofn in Equation (1) is less than the corresponding value of 
nfor the other thickener. ** 


The X(c,) curves in Fig. 3-5 may be represented 
as a series of concentration curves corresponding to 
Equation (1), from which the respective constants X° and 
n can be found. It is then found that X° falls sharply and 
n increases in the course of hydrolysis (with increase of 


c, in this instance), The increase of n is a sign of a decrease of the relative number of particles involved in the 
formation of a structural network in starch gels of equal concentrations but different degrees of hydrolysis [1]. 


«This is confirmed, in particular, by the nature of their Kr) kinetics curves (see [1]). 
** The degree of structurization p in this instance might be determined directly from the formula: 


e+e Kc 


where K” is a constant connected with the constant K in Equation (6) by the equation 


Koes A eg 


Cy is the concentration of the thickener; n is the index in Equation (1); K andn have different values 
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Fig. 7. The lg X‘(c,) relationships for hydrolyzed starch gels. 


The lg X*(c,) relationships are represented by the straight lines in Fig. 7, so that the values of k,, in Table 1 
can be found. The Ig(n-n,,) = f (lg cy) relationship is also nearly linear in character; it is obtained by rectifica - 
tion of the lg n = f(1g c,) curve with a suitable value of ny. 


According to Kryachkov [5] and Sadov [6], who studied the acid hydrolysis of starch in the 80-120° and 
119-143° ranges, the lg k = f(t) relationship is linear, i.e., variations of the hydrolysis rate r with temperature 
T conform to the Arrhenius equation. Although we determined the rate constants kx, and ky for-only two dif- 
ferent temperatures, since there are no data which might indicate the possibility of appreciable deviations from 
the Arrhenius Equation (2) for the hydrolysis of starch at lower temperatures, the equation may be used for deter - 
mining the constants A and E*, 


ie* 


k= Ae RT, (2) 


The values of E*, determining the activation energy of starch hydrolysis, were almost the same in all 
cases, but there were variations in the value of A. 


On the basis of the activated-complex [7] or transition-state [8] theories, and on the assumption that all 
hydrolysis reactions may be regarded as adiabatic in the quantum-mechanical sense (this means that in Equation 
(3)« = 1), we can find the values of the heat (AH#) and entropy (AS#) of activation of starch hydrolysis from 
the equations: 


shett asf Ma KT. AS® E* 
RT, RI av —p. Rav 
av = nee Rg Blav 


—_—_—_—€—— ‘\Suniiceninde coatiesiaonaae 
ot A 3 (3) 


WH BORD ay 
for different thickeners. However, the difficulty lies in exact determination of K*, and therefore comparative 


estimations of the degree of structurization p for different thickeners are best done by simple comparison of the 
corresponding values of n in Equation (1). 
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and 


where k ay 38 the average value of the rate constant for change in the amount of reducing substances, deter- 
mined from the iodine numbers; « is the activity coefficient of the catalyst (assumed to be 1 for HCl); « is the 
quantum-mechanical transition coefficient; k and h are the Boltzmann and Planck constants; T ay 18 the average 
value for the hydrolysis temperature range studied, Investigations of the comparative effects of HC] and H,SO, 
at 91-92" showed that if the activity coefficient for HCl is taken to be 1, for HpySO, we have a = 0.62. The rela- 
tive corresponding change of free energy in activation of hydrolysis for the change from HCl to H,SO, is only 1.3% 
at that temperature. 


The values found for AH7 , AS# and E* are the same for all kyv, as they all characterize the same hy- 
drolysis process. This explains the experimental relationships: 


ky, Ay, 
Ly = * = x 


where Ly, are constants different for different X and independent of the starch hydrolysis conditions. As has been 
pointed out, the present investigation was confined to only one starch sample and it may be that for the same val- 
ue of ky different starch samples may have different values of Lye 


The values of ky,, k,, Aye, Ay, E*, AH# , AS*, and Ly,» are given in Table 1. 


et ’ y y’ 
Our data as a whole may be represented by the general equation: 


= 
a 


X = Xye**'""¢, Ses , ®) 


ae 


which expresses the dependence of a particular structuromechanical value X on the hydrolysis conditions (time 
T catalyst concentration c,, and hydrolysis temperature), on the nature of the catalyst, and on the concentration 
of starch in the gel (cg). * 


The following symbols are used: X°y is the coefficient in Equation (1) for maximum binding of acid by 
starch [this corresponds to the particular Xy in Fig. 6, and is found by extrapolation of the lg X” (c,) and lg X°(t) 
linear functions to zero concentrations (cy=0) (Fig. 7) or to zero time (r =0) (Fig. 2)]; Un is the index of Equation (1) for 
the case in question [this is found by plotting of the linear functions lg(n-ny) = Ff (1g cy) and lg (n-ny) = f log T); 
a and b are constants, greater than unity;  y is a temperature coefficient. 


Equation (4) indicates, in particular, that X* in Equation (1) conforms to a first-order reaction equation. 


The relationship between any structuromechanical quantity X and the thickener concentration may be 
represented, either empirically by Equation (1), or theoretically (if it is assumed, as was done by Zuev [9] for 
P,, that the value of a structuromechanical characteristic X is proportional to the number of contacting particles) 
by the equation: 
aS al 
». X reg Kk (5) 
when in Equation (1) X° and n are empirical constants and cy, is the total concentration of the solid-phase par- 


ticles in the gel (thickener concentration), and in Equation (5) Co}, is the concentration of the solid-phase con- 


tacting particles in the gel; Xi are coefficients determined by the structural characteristics of the solid-phase 


*Fig. 1, 3-5 give values of c, calculated for air-dry starch containing 12.6% moisture. For analysis of 
the data corresponding to Fig. 1 and 3-5 the values were converted to the bone-dry material. 
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particles which directly influence the nature of mutual interaction of these particles, such as the ratio 

ni7/ Et = 9,, determined by the dimensions, shape, and deformability of the solid-phase perigl (in ae present 
instance macromolecules or macromolecular, aggregates of starch), or n "op / Ee =9,, determined by the dimensions, 
shape, and deformability of the mobile elements ("segments") of such particles (in the present instance these may 
be interacting portions of macromolecular starch chains in the structural network of the gel, and in particular the 
external branches of amylopectin macromolecules), or, finally, Pf, , the coefficient of particle cohesion in rela- 
tion to shear and det fe}. , a quantity which determines the extent of the region of relaxational creep. The 
last two quantities are aetermined by the above-named structural characteristics of the solid-phase particles, as- 
sociated with values of @; and @,, and by the type of the functional groups present (in the present instance OH 
groups).* The value of */, for the exponent in Equation (5) takes into account the fact that X in Equation (1) T€P~ 


resents structuromechanical characteristics in shear. 


It follows from Equation (1) and (5) that 
Xx (es) =X ty X reg 
or 


cil (ca) = (X' | Xv) cg = Kez. 
Substituting the expression found for 


X 2X7 (Ket) = Xr (2), (6) 


2 
where K = (c2 ys is a constant representing the number of solid-phase particles in contact with specific area 
in the shear Blane atc, =1. 


It follows from our experimental Equation (4) that 


RY = IX eee 


From Equation (6) we have X* = X7K and Xx" 5 Xt Kye and substituting these values of X* and XN into 
the equation for the rate constant N 


“ Ini ark 


Od CT F) 
we find 
j =) 
n ’ , >? 
roe AK) I hal Lp) In (Ky /K) 
Up ta Fimo ye we ge nay) ae, pee = Ry Sees (7) 


where Kx‘ represents the rate constants for variations of the values of Xp in the course of hydrolysis; ky is the 
rate constant for variation of K in the course of hydrolysis. 


Since one of the terms in the total rate constant Kye in Equation (7) (the quantity ky) is the same for all 
X*, the experimental differences between the values of Kye (Table 2) must be attributed only to corresponding 


“Values of X', n, Cy, and X"> are taken for a long gelation time, when they become close to constant. 
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TABLE 2 


Values of Xn /X1y, and Aky,, Representing Variations of Different X,/X, 
with Concentration of Active Acid (HCl) cy, and Hydrolysis Time in Acid 
Hydrolysis of Maize Starch in Solution and in Suspension 


(rt =1.0 hour; (cy=1.0 g-equiv/ kg; 
(t=91-92°) t=18 -19°) 
X, 
Xi ; ; 
aos -equiv;! cane -equiv -4 
— (hr 7? Tel, gare (hr a ) 
mee 8 Kay 
Priim/ Px 1,48 0.5 1,26 9 
1 /N2 14,1 +0,4 15,9 +1,4 
Ey/Es 2,88 —0,4 2,62 12 
™/Ey 4,27-102 +4,0 4,68 -102 soit 
no / Es 87,2 0,2 79,3 +0,5 


differences in the values of Ryser Accordingly, our experimental values of 


ky = ho —k =k» —k >0 and ky =kh->—k_ =k> —k_- >0 
. ™ Bias") Rip Bap 2 uP) Be Non Eon 

may indicate, in the former case, a decrease in the size of the starch macromolecules (or aggregates which 

may be formed in the gel) as the result of hydrolysis, and in the latter a decrease in the size of the macromolec- 

ular chain segments between the branch points in formation of the structural network of the gel. The same 

effect, and consequently an increased thixotropy of the contacts between the particles, is indicated also by the 

experimental value of Kpt ioe kp, < 0 (since the nature of the functional groups, OH, cannot change in 
i 

the course of hydrolysis). 

wf) 


The main defect of Equation (4) is the clearly empirical nature of the factor let net?* and its 
2 


somewhat indeterminate character due to the fact that n,, cannot be found by direct experiment but only by 

trial and error. Therefore only tentative data can be obtained from Equation (4). Equation (4) is applicable 

to all the structuromechanical characteristics of starch gels studied in this investigation, from certain critical 
values X w Xq,, indicated in Fig. 3-5. 


Equation(4) can also be expressed numerically in terms of iodine numbers: 
east 
ab 
HLyrkyere (vt ns iv ) (4a) 
2 


X = Nx: (doo — 40) € ’ 

where Nx+ and Ly» are constants different for different X, lying in the following limits: Ny+ ~ 1,28/1,04 104; 
Ly? & 5, 7+ 107/6,18- 10%, ky is the rate constant for accumulation of reducing substances in the course of 
hydrolysis; dg) and qp are the iodine numbers of glucose and the original starch respectively. 


a 
Since the value of the exponent n = Ny + A, v t+ in Equation (4) is common for all the structuro- 
mechanical quantities X, the following expression may be derived for ratios of different X: 


, 


Xs 2N —Akyreyt 
é 9 


(8) 


where Ak,» = ky he Ki X, and X, are the respective structuromechanical quantitites; Xz), and Xin are their 
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Fig. 8. Calculated (X, /X)ey curves for 
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respective values for maximum binding of acid by starch, 
referred to the secondary structure and extrapolated to 
unit concentration; kx and ky: are the respective rate 
constants for variations of X} and X{ in the course of 
hydrolysis. 


Equation (8) can be used for calculating curves 
for variation of the ratios of different structuromechanical 
quantities in the course of hydrolysis. The numerical 
values of Xx 1X4 wand Akys+ , required for such calcula- 
tions are given in Table 2. Fig. 8 shows calculated 
curves for the ratios E,/E,, n1/n2 91 = n,/ Ey 9 = 
=n2/ Ey and Py; .,/ Py. It follows from the increase of 
Plim/P}, and decrease of ny /n2 that as hydrolysis pro- 
ceeds the relative extent of the region of relaxational 
creep (see [1]) increased, while the relative value of its 
viscosity falls. Increase of E,/E, and decrease of ni/n2 
are such that the ratio 9/9" * decreases in accordance 
with the equation, 


Ey Ei # 
Se 2e—0,4:10e1t Ae re e—0,8-10%,t | : 


1N 2N 


which leads to the conclusion that the relative proportion of relaxation due to relaxational creep increases as the 


result of hydrolysis. 


Transition from gels of nonmodified starch to gels of hydrolyzed starch is accompanied by a corresponding 


change of the structuromechanical model and of the type of rheological curve. For hydrolyzed starch gels these 
correspond to the structuromechanical model and type of rheological curve which we found for solutions of other 
thickeners [1]. This may explain why hydrolyzed starch is suitable as a thickener. 


Hydrolyzed starch gels may be classified with elasticoplastic systems described by the following character - 
istics: Ey, Eg, nay Ng» Py, and Pim: 
SUMMARY 


1. Variations of the structuromechanical and rheological properties of starch gels during hydrolysis of 
starch have been studied. 


2. The values of the structuromechanical characteristics of the gels at low acid concentrations, when acid 
is bound by starch, were found to be constant; the explanation is that the functional groups of the molecules of 
extraneous substances reacting with the acid do not take part in formation of the structural network of the gel. 


3. Variations of all the structuromechanical characteristics of the gels are complex at the early stages of 
hydrolysis; variations of the iodine numbers during the same stages indicate that this complexity cannot be at- 
tributed to any peculiarities in the course of starch hydrolysis but must be attributed to structural transformations 
in the starch gels. 


4. Starch gels contain two types of bonds involved in formation of the structural network. The presence 
of nonthixotropic bonds leads to formation of a skeleton superposed on the thixotropic structural network and 


"Here 


«*The equation applies to 91~92°, 
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responsible for the brittle character of the aggregate structural network. The gradual decrease in the number of 
nonthixotropic bonds as the result of hydrolysis makes the formation of a brittle skeleton with their aid impossible 
at a certain stage, and the gels begin to exhibit plastic properties, while retaining fairly high values for the 
strength and other structuromechanical characteristics. 


5. Variations of values of X* in the X = X'c7! concentration equations for different structuromechanical 
characteristics X in the course of hydrolysis conform to a first-order reaction equation. 


6. In the course of hydrolysis the exponent " increases and different values are obtained for the rate 
constants ky+ for variations of the proportionality coefficients X* in the concentration equation X = X"-c} for 
starch gels. Increase of n indicates a decrease in the relative number of particles involved in formation of a 
structural network in starch gels of the same concentration but different degrees of hydrolysis, while the differences 
in kx* may indicate a decrease in the average size both of the external branches of the macromolecules (in the 
case of amylopectin) and of the macromolecules as a whole. 


7. A general equation has been derived for variations of different structuromechanical characteristics of 
starch gels in the course of hydrolysis, which includes the main parameters of acid hydrolysis and which represents 
the influence of hydrolysis conditions on the mechanical properties of a certain “secondary” structure, the forma - 
tion which terminates at a certain stage of starch hydrolysis. The deviations of the values of the structuromech- 
anical characteristics frorn this equation, observed at the initial stages of hydrolysis, may be attributed to con- 
version of the primary structure, present in nonhydrolyzed starch gels, to the secondary. 


8. The transition from gels of nonmodified starch to hydrolyzed starch gels is accompanied by correspond - 
ing changes of the structuromechanical model and the rheological curve. The latter, for gels of hydrolyzed 
starch, correspond to the structuromechanical model and type of rheological curve found earlier for solutions of 
other thickeners. This accounts for the suitability of hydrolyzed starch as a thickener. 
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TWO TYPES OF CONTACTS DETERMINING THE STRENGTH 
OF CRYSTALLIZATION STRUCTURES IN CALCIUM SULFATE DIHYDRATE 


E. Stoklosa, Z. N. Markina, and E. E. Segalova 


The M. V. Lomonosov University, Moscow, Faculty of Chemistry, 
Department of Colloid Chemistry 


The basis of the concepts of a crystallization mechanism of hardening in mineral cements, put forward by 
Rebinder and his associates, is that the strength of the forming crystallization structures is determined only by the 
strength of the crystals forming the structure and of the points of their direct concretion, i.e., of the crystalliza - 
tion contacts. 


However, our investigations of a monomineral cement, plaster of Paris, indicate that the strength of real 
hardened structures is determined, in addition to direct concretion contacts, by bonds of another type, which are 
to be regarded rather as coagulational; they are regions in intertwining of elongated crystals in concretions, or 
of direct superposition. We shall refer provisionally to these bonds as coagulation contacts, although it must be 
remembered that they undoubtedly differ from coagulation bonds in the ordinary sense of the term [2]. These 
bonds serve as steric obstacles, i.e., they give rise to considerable resistance to uniaxial compression of the 
contacting intertwined crystals. Thetensilestrength of such a steric bond may be zero, in contrast to concretion 
points, the strength of which in respect of any type of deformation may be very considerable. Steric bonds, or 
superposition bonds, may produce appreciable shearing strength owing to formation of a true (direct) contact in 
absence of an aqueous medium. When the material is moistened the shearing strength of such bonds should fall 
almost to zero owing to inclusion of an adsorbed (hydration) interlayer which acts as a boundary lubricant film 
between the crystals and prevents direct contact and cohesion between them. This sharp decrease of strength 
under the influence of a liquid medium with respect to which the solid phase in lyophilic is quite analogous to 
the behavior of coagulation structures in thickening of the liquid interlayers at the points of contact, i.e., on 
stabilization of the particles forming these structures. 


Thus, the distinction between coagulation and crystallization structures is revealed most easily when these 
structures are moistened. Coagulation structures then exhibit pronounced plasticity while their strength falls 
almost to zero. Although the strength of crystallization structures falls on moistening, it is retained to a very 
considerable extent. We utilized this difference and the results of direct determinations of compressive (Rem) 
and tensile (R,) strengths of dry and moist specimens of hardened plaster in an attempt to determine the relative 
role of crystallization contacts in the strength of the hardened structure and to elucidate certain strength charac - 
teristics of hardened plaster which have long been known but are not yet adequately explained. 


It should be noted that a serious obstacle to solution of this problem is the decreaseof strength of the plaster 
crystals themselves under the influence of the external medium. This effect, adsorptional strength lowering, 
greatly obscures the picture, as it is difficult to determine its role in the general strength decrease of hardened 
moistened plaster. Nevertheless, by variation of different factors and by artificial increase of the role of the 
coagulation structure in the test specimens we partially eliminated this difficulty. 


It is known that the effect of adsorbed water, causing a strength decrease in a porous body, becomes very 
pronounced even at small water contents in the specimens [3], and therefore in studies of dry structures all ad- 
sorbed water must be very carefully removed, because even a very small increase of its content has a strong 
influence on the strength characteristics of the hardened plaster. 
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The dry specimens were humidified under vacuum in order to remove completely the air present in the 
porous material, because measurements of plaster strength in the intermediate state, f.e., incompletely humid- 
ified, obscure the picture because of the action of capillary forces which come into effect in the solid—liquid 
—gas three-phase system. The influence of this last factor can be seen by comparison of the compressive strengths 
of hardened plaster containing capillaries incompletely filled with water and plaster entirely free of the action of 
capillary forces. Thus, the compressive strength of specimens made from 6 -gypsum at W/S = 1 (W/S is the ratio 
of water to solid) directly after the end of hardening was 14 kg/ cm’, while the strength of specimens dried and 
then moistened under vacuum, at the same W/S ratio, was 11 kg/ cm’, so that the action of capillary forces 
raised the compressive strength of the plaster by 27%, 


The measure used for the decrease in the strength of plaster as the result of moistening was the ratio Rw/ Rq 
where Ry is the strength in the completely moist state, and Rg is the strength in the dry state. 


For a coagulation structure this ratio is almost zero under our experimental conditions. If the strength did 
not decrease it would be unity. 


Effect of Water — Plaster (W/P) Ratio on the Strength Characteristics of 
Hardened Plaster 


The results of strength determinations of hardened plaster at different water—plaster ratios can be inter- 
preted more conveniently if the variable factor which directly determines the structure of the hardened plaster 
is taken to be the porosity, and not the water—plaster ratio, which characterizes only the initial conditions of 
structure formation. 


The initial W/P ratio really predetermines the volume of the crystallization structure formed, because the 
expansion in the hardening of plaster is so small that it can be disregarded. With a knowledge of the initial W/P 
ratio and of the densities of calcium sulfate hemihydrate and dihydrate it is easy to calculate the final porosity 
of the hardened plaster formed at a given W/P ratio. However, such calculations disregard the fact that when 
the suspension is mixed it always entrains a certain amount of air, which increases the porosity of the hardened 
plaster. Therefore the porosity of the final hardened plaster was determined experimentally from the weight 
difference between dried and completely moistened specimens. The results of these determinations are presented 
in Fig. 1, where the porosity, i.e., the percentage of voids in the total volume of the plaster, is presented as a 
function of the W/P ratio. 


The dash line represents porosity values calculated from the W/P ratio. The difference between the 
ordinates of the two curves indicates the increase of final porosity due to entrainment of air; it is seen in Fig. 1 
that this is greater at lower initial W/ P ratios. 


Figure 1 also shows that the porosity of our speci- 
mens varied from 43% (W/P = 0.4) to 80% (W/P = 2.0). 
P,% 


Because of the large part played by adsorptional 
strength lowering in polycrystalline structures of high 
porosity, it was also necessary to determine the interna] 
surface area of the hardened plaster. This value, to- 
gether with the porosity, may provide certain informa - 
tion on the shape of the pores and crystals in hardened 
plaster. The results of determinations of the internal 
surface by low-temperature adsorption of nitrogen are 
presented in Table 1. 


30 


eee ie ld ala Table 1 shows that as the porosity increases the 
Fig. 1. Variations of porosity (P) of hardened specific surface first decreases and then begins to in- 
plaster with the water—plaster ratio (W/P). crease again. The order of magnitude of the internal 


surface indicates that the pores are very small, and that 
therefore surface effects should play an important role in such plaster. It follows from Table 1 that the internal 
surface of low-porosity plaster is greater than that of plaster of considerable porosity. This is related to the size 
of the crystals formed in suspension. 
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TABLE 1 


Internal Surface of Hardened Plaster Specimens Formed at Different W/P Ratios 


Porosity, % 


Specific internal surface, 
m?/g 1.45 
Crystallization out of a fairly concentrated suspension is very rapid, supersaturation is maintained for a 
relatively long time, and numerous crystallization centers are formed per unit volume, favoring the formation 
of large numbers of small crystals. Under such conditions crystal anisometry is relatively slight. 


The specific internal surface greatly decreases (by about 2/3 for 60-65% porosity) with increase of W/P 
tatio (and of porosity). This is due to increase of crystal size. At the same time there is another effect, acting 
in the opposite direction—the crystals become increasingly anisometric [4]. The second effect plays a minor 
role at first, but it increases rapidly with porosity until it begins to predominate at about 60-65% porosity. From 
that instant the role of anisometry is so great that it produces the reverse effect—increase of the internal specific 
surface. 


It was of interest to determine the separate effects of increased porosity and of changed conditions of struc- 
ture formation, which follow inevitably with changes in the concentration of the suspension, on the decrease in 
the strength of hardened cement (with increase of W/P ratio) (Fig. 2). 


It is evident that in a solid, the strength of which in the homogeneous (nonporous) state is always constant, 
the formation of uniformly-distributed porosity should result in a linear decrease of strength in accordance with 
the decrease of the true cross section. 


If the experimental strength is divided by the bulk density of the material, the values for the specific 
strength so found are independent of the porosity and are determined only by the strength characteristics of the 
solid nonporous material. Fig. 3 shows values of the specific strength (Rep) calculated for hardened plaster by 
division of R,,, by the bulk density of the specimen. 


The specific strength does not remain constant with increase of W/P ratio, but falls sharply. This shows 
that the decrease of strength with increase of W/P ratio is due not only to increase of the porosity but also to 
changes in conditions of structure formation, leading to decreased strength of the crystalline concretions them- 
selves. The time during which supersaturations high enough for formation of crystallization contacts decreases 


Ry, kg /em® 


%0 ~~~<50 60 70 80 P, 40 50 60 P, % 


Fig. 2. Variations of the strength of dry (1) and moist (water-saturated, 2) spec- 
imens of hardened plaster with the porosity (P): a) compressive strength; b) tensile 
strength. 
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Fig. 3. Variation of specific strength (Ry) of Fig. 4. Variations of compressive (1) and 
hardened plaster with the porosity (P). tensile (2) strength of plaster stone with poro- 


sity (P), The strength of the densest specimen 
at P = 42% is taken as 100%, 


with increase of the original W/P ratio. Therefore the number of crystallization contacts falls with increase of 
W/P ratio, and this in itself results in a considerable decrease of strength. Moreover, at low W/P ratios an im- 
portant part in formation of the hardened structure is played by contacts of the coagulation type, involving inter- 
twining and superposition of calcium sulfate dihydrate crystals. The role of contacts of this type should diminish 
sharply with increase of the original W/P ratio. At high porosities the decrease of specific strength is somewhat 
less, probably because the crystals become increasingly anisometric, and this favors formation of additional 
coagulation bonds. 


It follows from Fig. 2 that compressive strength decreases more than tensile strength with increased porosity 
of hardened plaster. This is shown especially clearly in Fig. 4, where the strength of the plaster is expressed as a 
percentage of the strength of the densest specimens. The sharp fall of R,,, with increase of original W/P ratio 
shows that this quantity is more sensitive than tensile strength to a decrease in the number of coagulation bonds 
in the hardened plaster structure. During deformation of the specimen in a compressive-strength test the indiv- 
ual crystals of calcium sulfate dihydrate are brought closer together, and this tends to increase the cohesion 
forces in the plaster. 


When the specimens are moistened the compressive strength decreases more than the tensile strength 
(Fig. 5). This confirms the hypothesis that coagulation bonds play an important role in compressive strength, 
and their significance is reduced to a minimum on moistening. Since coagulation bonds are more prominent 
at low W/G, the difference between the decreases of compresive and tensile strengths on moistening is more pro- 
nounced at these W/G ratios. It must be pointed out that the observed decrease of the strength of hardened 
plaster in these experiments was a direct result of adsorptional strength decrease. The partial dissolution of 
crystallization contacts which takes place on moistening is so slight under these conditions that it has no prac- 
tical effect on the strength. This is confirmed by the fact that specimens which have been dried again after 
single or twofold moistening do not lose strength but in some instances even show strength increases, probably 


TABLE 2 


Variations of Compressive (Roy) and Tensile (R;) Strength of Dry Specimens of Calcium 
Sulfate Dihydrate with the Number of Alternate Moistening and Drying Cycles (W/P = 0.7) 


Number of cycles 
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because the recrystallization which occurs releases exces- 
Rw/Rq sive stresses in the crystallization structure. An appreci- 
able strength decreasé isobserved only after 3 to 4-fold 
moistening and drying of the specimens (Table 2). The 
experiments on moistening were conducted in such a man- 
ner that leaching of the calcium sulfate was entirely pre- 
vented. 


In a porous structure adsorptional strength decrease 
should be more pronounced with increase of the internal 
specific surface. However, as Fig. 5 shows, the strength 


wal 50 60 70 80 P, %o decrease on moistening becomes greater with increased 
Fig. 5. Effect of porosity of hardened plaster porosity of the hardened plaster, although the internal 
on the R,,/R, ratio for compressive (1) and surface first falls fairly sharply, and then rises somewhat 
tensile (2) strengths. (Table 5). This is probably due to increase in the size of 


the calcium sulfate dihydrate crystals with increase of 
W/P ratio, It is known that adsorptional strength decrease is more pronounced for larger crystals, because of 
their greater defectiveness [5]. 


Investigation of the Strength Characteristics of Structures with Different 
Proportions of Coagulation and Crystallization Bonds 


For elucidation of the relative importance of crystallization and coagulation contacts in the develop- 
ment of strength in hardened plaster we investigated the strength characteristics of structure in which the amounts 
of coagulation or crystallization bonds were artificially varied. 

The number of crystallization contacts formed in the hardened structure can be reduced by introduction 
of dihydrate crystals into the original suspension of calcium sulfate hemihydrate. This increases the rate at which 
the plaster crystallizes out and reduces the time during which high supersaturations are maintained in the suspen- 
sion, thus decreasing the amount of crystallization bonds formed. For these experiments mixtures of previously 
dried calcium sulfate hemihydrate and dihydrate were prepared by means of shaking for an hour. The dihydrate 
was prepared previously from the same original hemihydrate. The specimens, made from these mixtures at 
W/P = 0.7, were dried to constant weight; some were moistened under vacuum after being dried. 


TABLE 3 


Variations of Compressive (R,,,) and Tensile (Rt) Strengths of Hardened Plaster Specimens 
with the Content of Dihydrate in the Original Mixture (W/P =0.7) 


Dihydrate content, % Dihydrate content, % 


Specimens Specimens 
Te Se ae ee a 0,: bah cabs, eG 
Compressive strength, kg/cm? Tensile strength, kg/em? 
Dry 93 60 28 Pash Dry ily Arse weal ll Op) nS) Onl 
Fully | Fully | 
moistened 30 3 — — moistened | 4,9 | 1,8 | 0,6 | 0,3 


Introduction of dihydrate into the suspensions greatly accelerated hardening, as it completely eliminated 
the induction period associated with nucleation of the new phase. 

It follows from Table 3 that the strength of hardened plaster falls rapidly with increase of calcium sulfate 
dihydrate in the original mixture, both for moist and for dry specimens. As has already been stated, this is be- 
cause the number of contacts of the crystallization type decreases sharply with increase of dihydrate in the 
original mixture, and above a certain dihydrate content they are not formed at all. The limiting content of 
calcium sulfate dihydrate above which a crystallization structure is not formed is difficult to determine, be- 
cause both the hardening time and the strength of the structure formed decrease with increase of the dihydrate 
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content. It is impossible in practice to obtain this weak 
limiting structure, as it is broken down almost immediate- 
ly after addition of water. Although the number of con- 
tacts decreases considerably on introduction of dihydrate 
and the structure becomes progressively weaker, a con- 
tinuous crystallizational framework is nevertheless formed 
in specimens containing 40 and even 60% dihydrate. This 
is shown by the fact that after these specimens were dried 
they did not differ in size from specimens made from pure 
hemihydrate. However, when they are moistened their 
strength falls so much that it cannot be measured in prac- 
tice. It follows that in these structures the predominant 
role is played by coagulation bonds, which confer high 
strength on the dry specimens. 


The significance of coagulation bonds which may 
arise in presence of calcium sulfate dihydrate is demon- 


é é strated especially clearly in investigations of purely coag- 
ulation structures formed by prolonged grinding of the 
a o 10 1S 20 original hemihydrate. For example, if a suspension of 


Bantonite, “% 
Fig. 6. Effect of bentonite additions on the 
strength of dry (1) and moist (2) specimens 
of hardened plaster. The abscissa axis in- 
dicates the amount of bentonite mixed with 
dry hemihydrate; W/S = 0.8 a) compressive 
strength; b) tensile strength. 


calcium sulfate hemihydrate formed at W/P = 0.7 is 
ground for 30-40 minutes the possibility of formation of 
a crystallization structure in it is eliminated and a coag- 
ulation structure of free crystals of dihydrate is formed 
in the suspension. Such a structure in the moist state 
does nothave compressive strength which is measurable 
in the ordinary press tester, but if it is dried the consi- 
derable shrinkage, bringing the crystals closer together, 
causes a sharp increase of strength, which reaches 96 kg/ cm? in compressive and 19.2 kg/ cm? in tensile tests. 
The porosity of the resultant specimen is 44%, whereas the porosity of a specimen with a crystallization structure 
(at the same W/P ratio) is 58%. This shows that although the strength of coagulation bonds after drying is con- 
siderably less than the strength caused by crystallizational concretion of dihydrate, it is still fairly high. This 
explains why calcium sulfate dihydrate has been suggested as an unfired cement [6, 7]. 


The main defect of such structure is that they have no water resistance at all, as their strength falls 
virtually to zero on moistening. Moreover, the measurement results for these dried coagulation structures were 
very variable, probably because of inhomogeneity of the structure which becomes more compact during drying, 
and of internal stresses and even cracks which may result from nonuniform drying. 


It is interesting to note that comparisons of specimens of equal porosity, but formed by crystallizational 
structure formation in hemihydrate in one case, and by drying of a coagulation structure in the other, shows that 
their compressive strengths differ sharply (235 and 96 kg/cm? respectively) whereas the tensile strength is vir- 
tually the same, 19 kg/cm? in both cases, 


For determination of the influence of coagulation bonds on the strength of hardened plaster, two inert 
fillers—clay and quartz sand—were added to suspensions of the hemihydrate. The first of these fillers has a 
pronounced tendency to form coagulation structures whereas the second, because of the symmetrical shape of 
its particles, is quite incapable of forming loose coagulation structures. The compact coagulation structures of 
sand, formed in concentrated suspensions, have such low strength when dried (because of the very small area of 
contact between the particles) that they break down under their own weight. 


All the specimens of plaster with added bentonite were prepared at 0.8 W/S ratio. Addition of bentonite 
to the original hemihydrate raises the strength of dry and lowers the strength of wet specimens (Fig. 6). On the 
one hand, bentonite “dilutes” the plaster and decreases the number of crystallization contacts in the ultimate 
structure of the hardened plaster, thereby reducing its strength, but on the other hand it increases strength by 
increasing the number of cuagulation bonds; this particularly affects the strength of dry specimens. As coagula- 
tion structures can have high strength in the dry state, the strength of dry plaster specimens is higher in presence 
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Fig. 7. Variations of the strength of dry (1) and moist (2) specimens of hardened plaster 
with the amount of quartz sand mixed with dry hemihydrate (W/S = 0.7): a) compressive 
strength; b) tensile strength. 


TABLE 4 


Effect of the Amount of Quartz sand (S = 17000 cm’) in the Original Mixture on the Com- 
pressive (Roy) and Tensile (R,) Strength of Dried Specimens of Calcium Sulfate Dihydrate 
after Breakdown of the Crystallization Structure 


Sand content (by weight), 


Yo 


of bentonite although the number of crystallization bonds is less. In the case of moist specimens the explanation 
of the fall of strength with increase of the bentonite content is that with the great weakening of interaction be- 
tween the crystals of the bentonite minerals owing to the presence of water interlayers, the contribution of coag- 
ulation contacts to the total strength is negligibly small. Naturally the more bentonite is contained in the 
specimen the greater is the strength decrease on moistening. 


Increase of the amount of quartz sand in hardened plaster considerably reduces the strength of both dry and 
moist specimens (Fig. 7). Sand acts as an inert filler which lowers strength by reducing the amount of structure - 
forming material per unit volume of the hardened plaster. It has the same effect on the strength of dried coag- 
ulation structure in calcium sulfate dihydrate (Table 4). These specimens were made by prolonged grinding of 
a concentrated aqueous suspension of hemihydrate and sand, with subsequent drying of the resultant coagulation 
structure. These specimens completely lose their strength when moistened. 


SUMMARY 


1. The tensile and compressive strengths of plaster specimens, formed at different water—plaster (W/ P) 
ratios, in the dry and water-saturated states have been compared; the porosities and internal specific surfaces 
were measured, 

2. Apart from direct-concretion contacts, the strength of hardened plaster is also determined by bonds of 
the coagulation type, which are regions of intertwining and direct superposition of elongated crystals in the con- 
cretions. 
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3. The relative significance of contacts of the coagulation type increases with increasing density of the 
hardened plaster (with decrease of W/P); the compressive strength is more influenced than the tensile strength 
by variations in the number of coagulation bonds in the plaster structure. 


4, Addition of dihydrate results in a sharp fall in the plaster strength owing to a decrease in the number 
of crystal concretions in the course of crystallization. Additions of bentonite clay, which tends to form coagula- 
tion structures, increase the strength of dry specimens but lower it in the moist state, when the strength of coag- 
ulation structuresis reduced to a minimum. Addition of quartz sand, which does not give rise to coagulation 
structures of any appreciable strength, lowers the strength of both dry and moist specimens. 
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INVESTIGATION OF BOUNDARY FRICTION AND ADHESION 
IN RELATION TO STUDIES OF THE INTERACTION 
OF FINELY DISPERSED PARTICLES 


2. INFLUENCE OF CATIONS ON ADHESION OF GLASS DISKS 


G. I. Fuks and N. I. Kaverina 


Scientific Research Institute of the Watch Industry 


It can now be regarded as proved that coagulation of disperse systems by electrolytes is determined by the 
balance of attraction and repulsion forces acting between the particles. In the modern theory [1-3] the princi- 
pal forces of the first type are taken to be van der Waals—London forces, and the second type consists of elec- 
trostatic repulsion forces between interacting diffuse layers of adsorbed ions. The decrease of these forces with 
distance conforms to different laws, so that zones of repulsion and attraction are formed near the particle sur- 
faces. 


Relatively recently Deryagin and Abrikosova [4]* measured van der Waals forces as a function of distance 
from the surface. Experiments on adhesion of gas bubbles [7], investigations of disjoining pressure [8], and 
measurements of adhesion of microscopic particles [9, 10] and threads [11] show that the repulsion force must 
depend on the nature and concentration of the ions in solution, and therefore on the composition and thickness of 
the diffuse layer. However, there have been few direct determinations of the influence of electrolytes on surface 
interaction between solid particles in liquids, and in most of them the distance between the interacting surfaces 
was not found. Therefore the method of potential curves, which is the basis of the theory of coagulation and 
stability, could not be experimentally verified or developed. 


Methods and objects of investigation. Possibilities of such investigations are provided by the method for 
determination of the kinetics of adhesion and separation of plane-parallel disks, developed by one of us for 
model experiments on the interaction of highly disperse particles [13 ,14]. This method can be used for measur- 
ing the distance between mirror-polished plane-parallel disks immersed in a liquid, in the range of 0.02 to 20y 
to an accuracy of + 0,01 u The gap between the disks pressed together under a given load in air is taken as 
zero. The disks in the liquid are brought together or separated by forces from 0.04 to 10.0 kg/cm?. The rate 
of change of the distance between them is measured to an accuracy of + 0.005 seconds. Methods for cleaning 
the disks and removing dust and air bubbles, and procedures for eliminating or allowing for other sources of ex- 
perimental error are described in the literature cited above. 


It was demonstrated by this method that in liquids such as benzene, isooctane, cyclohexane, and highly- 
purified low-viscosity mineral oil the kinetics of adhesion and separation of steel and quartz disks conforms to 
the laws of hydrodynamics of viscous liquids, and in particular to the Stefan—Reynolds equation. In contrast to 
such liquids, mineral oils of the ordinary degree of purity, hydrocarbon solutions of fatty acids, and aqueous solu- 
tions of electrolytes in layers less than 0.2-0,3y thick exhibit significant deviations from the Stefan—Reynolds 
equation [13-15], indicating that in narrow plane gaps there may be formed multimolecular layers of surface - 
active substances and electrolytes which offer static resistance to attenuation and which have increased viscosity. 


*A similar attempt was made by Overbeek [5], but objections have been raised to his results [6]. 
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In the present investigation the chlorides of alkali and alkaline-earth metals and etyma ue and thorium 
nitrate were used for studying the influence of cation valence and size, solution concentration, and temperature 
on the properties, as recorded by this method, of the boundary layers of electrolyte solutions in gaps between 
fused-quartz disks. The disk diameter was 12 + 0.25 min; the working surfaces were polished to Class 14 finish 
(GOST 2789-51) and ground against each other. The following quantities were measured: 


1, The thickness hy, of the boundary layer, equal to half of the distance between the approaching disks at 
which the Stefan—Reynolds law begins to break down. * 


2. The thickness h,,;, of the residual layer, equal to half of the layer of solution not pressed out of the 
gap by the given load during the time of determination (up to 6-9 hours). 


3. The disjoining pressure [8], corresponding to the equilibrium portion of the residual layer. * * : 
, i hinin (n— &n) 
4. The resistance of the residual layer to attenuation, measured in terms of & . 9 » = —j—————>——_ 


” , 
Onn bonin — min 


where ia and rn are the thicknesses of the residual layer under specific loads g fi and o”p. 
5. The ratio of the boundary viscosity, given by the rate of disk separation, to the volume viscosity n, /n- 


tee : 
6. The dimensionless coefficient of thickening y = SP SP, where tgp is the time of separation of the 
disk under a normal specific separating force asp. a 


Since the disks serve as models for interaction between plane particles in disperse systems [13, 14], the 
first four of these quantities and partly the fifth characterize the ability of electrolytes to protect these particles 
against cohesion, while the fifth and especially the sixth characterize the kinetic relationship of the plane par- 
ticles, the nature of which was considered earlier [13]. 


The Protective Rolexor Electrolytes 


Figure 1 represents typical kinetics of the approach of disks in electrolyte solutions. In accordance with 
theory, initially the width of the graph is inversely proportional to the square root of the contact time t. During 
this period the curves for solutions and for water are close together or coincide, because their viscosities are, in the 
first approximation, equal. Subsequently the rate of displacement of the solutions from the gap decreases, which 
represents an increase of viscosity, different for different solutions, Ultimately the velocity of approach of the 
disks falls to zero and a layer of solution remains between them; the thickness of this layer does not alter during 
the experiment within the sensitivity limits of the method. 


im 
Water of conductivity xX») = 1.2° 107° “em-!, made by combustion of hydrogen in oxygen, retains a 
Y X20 y yarog yg 


linear relationship between h and vt for a longer period, but in narrow gaps it also shows some deviations from 
this law; this may possibly be due tu inadequate purification or to experimental errors, which reach 25-35% when 
the distance between the disks is less than 0.04- 0,05 1, However, in contrast to electrolyte solutions, highly - 
purified water does not form a residual layer (Curve 1, Fig. 1). 


The thickness of the boundary layer in the gap between quartz disks does not exceed 0,35 and diminishes 
with increasing load, i.e. with increase of maximum pressure between the disks and of the rate of shear of the 
liquid in the gap (for fuller details, see [14]), At a constant and not too high load hp diminishes with increase 
of cation radius and charge (Table 1). 


The thickness of the residual layer of solution is a function of the load and, for different solutions under the 


same external conditions, a function of the cation charge and size (Fig. 2). At 20° and 1 kg/cm? pressure, Bnin 


*It was shown [14] that the thickness of the residual layer of electrolyte solution under alternate loading and 
unloading is partially reversible. It was assumed that the specific load compressing the equilibrium portion of 
the residual layer is equal to the disjoining pressure, 

**This definition of the boundary layer, which follows from the experimental data presented here, differs from 
the concept of the boundary layer introduced by B. V. Deryagin, as the former does not necessarily postulate an 
ordered structure across the entire layer. It will be shown that the boundary layer of an electrolyte solution has 
no sharp boundary. 
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for 0.001 N solutions of NaCl, CaCly, AlCl, and 


h, Us Th(NO,)4 is 0,14; 0.09; 0.08 and 0,04» respectively. 
aR The radius has little influence in the case of bivalent 
: fons, whereas the difference between the values of 


hmin for LiCl and CsCl solutions is greater than the 
corresponding difference for NaCl and CaCl, solution 
(Fig. 2). 


The influence of cation radius (r,) decreases 
with increasing load, and the mathematical expression 
for the relationship between the thickness of the residual 
layer and cation radius approximate to the simple equa- 
6 tions 


Vet ' hin = Ki — Kar, 
+——+ 


men eas —x— —x— — 3 


where K, is a constant which decreases with increase 
of ion valence, load, and temperature; K, is a constant 
which is close to zero at high loads. 


Increase of the solution concentration from 1 to 
50-100 meq/ liter reduces the thickness of the residual 
layer (Fig. 3). Subsequently h,,;, remains unchanged 
or even increases somewhat. Experiments were not 
carried out at solution concentrations < 0.5 meq/ liter, 
but as highly purified water does not form a residual 
layer,decrease of concentration for very dilute solutions 
should probably result in a decrease of hyip. 


0 20 40 60 vVt,sec 
Fig. 1. Variation of the width of the gap between 
plane-parallel quartz disks with the time in con- 
tact in electrolyte solutions: 1) H,O; 2,3)0.005'N 
NaCl; 4) 0.001 N CaCl); 5) 0.1 N LiCl; 6) 0.01 N 
LiCl (Curve 5 at 40°, the rest at 20°; Curve 2rep- 
resents contact pressure of 4 kg/cm’, the rest, 
0.2 kg/cm’). 

Figure 4 shows that h__, decreases with rise of 
temperature. The temperature coefficient increases with decrease of cation radius, i.e., with increase of cation 
hydration, and also with decrease of pressure. At high temperatures or pressures the influence of cation radius on 
the residual layer becomes imperceptibly small. Above 60° the greatest differences between hypjn for solutions 
containing alkali-metal ions do not exceed 0,02 which is near the sensitivity limit of the method. 


TABLE 1 


Effects of Cation Charge and Radius on the Thickness of the Boundary Layers on 
0,01 N Electrolyte Solutions; Temperature 20°; Pressure 1 kg/ cm? 


Ap, Electrolytes 


Electrolytes 


MgCl, 


NaCl CaCl, 0.11 
KCl BaCl, 0.10 
RbCl AICI, 0,08 

Th(NOg), 0.04 


Under small loads the resistance of the residual layer to a wee depends little on the ionic charge on 
radius (Table 2). In contrast to this, at pressures above 1-2 kg/ cm?’ it is seen distinctly that the thickness of the 
residual layer decreases and its "strength" correspondingly increases with increase of the valence of the ions. 

The concentration of alkaline-earth salt solutions above 5-10 meq/ liter has no effect on E 0.2-2,0- In the series of 
univalent cations this quantity increases with ionic radius (Fig. 5). As the thickness of the residual layer decreases 
simultaneously, here again the thinner residual layers are the “stronger™. 
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Fig. 2. Variations of the thickness of residual layers of 0.01 N electrolyte 
solutions with the crystallochemical cation radius and pe Curve 6 at 60°, 
the rest at 20°: 1) Univalent cations, gp = 0.2 kg/ cm’; 2) same, On=1 

kg /cm? 3 3) same, gp = - kg/cm? 3 4) bivalent cations, gp = 0.2 kg/cm? 5 

5) same, One kg/ cm’; 6) univalent cations, on™ kg/cm’. 

Fig. 3. Vatiation of the Galckcibes of the residual layer of NaCl solution with 
concentration at contact pressure of 0.2 kg/cm? and 20° 


The resistance to attenuation of the residual layers of solutions increases with increasing load and decreas- 
ing gap between the disks, and consequently with approach of the solid to the surface (Table 2). Comparison of 
the experimental results for different solutions shows that the composition of the ions plays a subordinate role to 
the initial h,,;,, but nevertheless for a given thickness of the residual layer E,+ _g» generally increases with in- 

min Case 
crease of the cationic charge. 


The disjoining pressure determines the equilibrium component of the attenuation resistance of the residual 
layers for the solutions studied (as for other substances [8]) this pressure is a function of the distance between the 
interfaces. The pressure is higher in boundary layers of univalent-cation solutions than in corresponding layers 
containing bivalent cations, and in the former case it increases with decrease of ionic radius (Fig. 6). Thus the 


influence of ions on the attenuation resistance of residual layers and on the disjoining pressure is not of the same 
nature. 


TABLE 2 


Variation of the Resistance to Attenuation of Residual Layers of 0,01 N Electrolyte Solu- 
tions with the Thickness of these Layers (at 20°) 


aye pate range,| Initial o';-0" Blecitaz Load range| Initial |= On O"n! 
te cm ; t 
i g/ Amin H | kg/cm?|} “Y'° kg/cm?) hain, Hl _ kg/em? 


Lic] | 0,2—2,0 0,24 4,3 MgCl, | 0,2—2,0 0,16 4,4 
1'0—4'0 0/20 4'6 2,0-—4,0 0,09 11/3 
2;0—4.0 0,14 5.5 CaCl, | 0.2—2'0 0.14 4.0 

NaCl | 0,2—2'0 0.14 5,3 1;0—4'0 0/07 7\0 
1,0—4,0 0,12 6.0 2,0—4.0 0,06 15,0 
2.0—4,0 0,09 6.7 Ally 0,288.0 0,08 4'8 

KCI | 0,2—2'0 0,13 4.7 2,0—4'0 0,05 12/0 
1:0—4,0 0310 9,0 || Th(NOs)4| 0/2—2°0 0:06 514 
2,0—4,0 0,08 10,6 2,0—4,0 0,04 18,0 


~ 
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Fig. 4. Effect of temperature on the thickness of residual 
layers of electrolyte solutions in the gap between quartz 
disks at pressures of: 1.0 kg/cm’, Curves 5 and 73 2.0 
kg/cm?, the remaining curves; 1) 0.01 N BaCl,; 2) 0.01N 
KCl; 3) 0.01 N NaCl; 4) 0.01 N LiCl; 5) 0.01 N NaCl; 6) 
0.1 N LiCl; 7) 0.1 N LiCl. 
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Fig. 5 Fig. 6 
Fig. 5. Variation of the resistance to attenuation of residual layers of elec- 
trolyte solutions with the crystallochemical radius of the cations (at 25° ): 
1 and 2) 0.01 N solutions, of salts with univalent and bivalent cations; 3) 
LiCl of different concentrations. 
Fig. 6. Disjoining pressure of electrolyte solutions in the plane gaps between 
quartz surfaces at 20°; h, is one half of the equilibrium gap: 1) 0.01 N LiCl; 
2) 0.01 N NaCl; 3) 0.01 N kcl; 4) .001 N Nacl; 5) 0.01 N CaCly, 
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Influence of Electrolytes on Kinetic Adhesion of Plane Quartz Surfaces 
a chr RPh lira hei seca SA SRS Naa AD TLE CRSP TPE 


In mutual approach of quartz disks in water and aqueous electrolyte solutions to distances down to 0,02y 
a static adhesion force in excess of 40 g/cm? (the minimum separating force in the method) Was not observed, 
but electrolytes have a significant influence on the time required for separation of the disks, es a the kinetic 
bond between them. This bond arises as the result of the hydrodynamic effect produced by the liquid flowing 
into the gap between the separating disks 3a 


It has been shown that increase of the contact time between solid surfaces in liquids increases the static 
adhesion force [10, 11]. It follows from the data in Fig. 7 that this factor also influences the time required for 
separation of the disks. Comparison of the data in Fig. 7 and Fig. 1 indicates that increase of sp is a conse- 
quence of the decrease in the thickness of the boundary layer of liquid between the disks. 


If the contact pressure is not large and the time of contact between the disks is less than 15-20 seconds, 
then the composition of the solution does not have any appreciable influence on the time of separation, but if 
the contact time is considerable, then the time of separation may vary by a factor of 10 or more in accordance 
with the nature and concentration of the electrolyte (Table 3). 


9 300 600 900 1200 1500 t,,.sec ; . i 
Fig. 7. Effect of contact time (tp) on the Fig. 8. Effect of composition of electrolyte 
time of separation (tsp) of quartz disks in solutions on the separation time (tsp) of 
electrolyte solutions: (Curve 4 for pressure quartz disks immersed in them: 1) tsp = 
of 4 kg/cm’, the rest for 1 kg/cm’): 1) f(cya)oy =4 kg/cm’; 2) tsp = f(z), = 
0,001 N NaCl; 2) 0.01 N NaCl; 3) 0.01 N = 0.01 N, gn = 1 kg/cm?s 3) ty, = f(r), 
KCl; 4) 0.01 N NaCl; 5) 0.01 N CaCl; univalent cations, g, = 1 kg/cm’; 4) tsp= 
6) 0.1 N NaCl. = f (ry), bivalent cations, 6, = 1 kg/cm’. 


The increase of t,, is in good agreement with the effects of solution concentration and the charge and size 
of the ions on the thickness of the residual layer (Fig. 8). 


The boundary viscosity of electrolyte solutions is a function of the thickness of the boundary layer. * Thus, 
at 20° for 0.1 N solution of NaCln,g/m = 1.4 if the gaph h between the disks is 0.24, andn o/n=2, ath=0.14y. 
In a gap close to 2h_._ the boundary viscosity decreases with increase of the cationic charge and radius and in- 
creases with increasiiig concentration. At 20° n g/n for 0.01 N solutions of LiCl, NaCl, KCl, MgCl, and CaCl, in 
a gap of 2hpin + 0.02 + 0.02 p have the values of 4.4; 4.1; 3.4; 2.6; 2.4 respectively. In the concentration series 


of 0.0001, 0.01, and 0.1 N NaCl solutions, with a gap between the disks 2hmin + 0-03 + 0.02", the values of n o/N 
are 3.1, 4.0, and 4.7. 


* In determinations of boundary viscosity by the method of disk separation a similar relationship applies to other 
liquids which form boundary layers [12, 14]. 
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TABLE 3 


Effect of Solution Composition on the Time of Separation of Quartz Disks; Temperature 20°3 
Compressive Force on Disks 4 kg/cm’; Separating Force 0.08 kg/cm? 


oncen- 


Concen- 


Electrolytes jtration th, MIM | tsp, sec |/Electrolytes | tration tn, min tsp, Sec 
meq/liter meq/liter 
LiCl 10 30 2,9 CaCl, 10 4 7,0 
NaCl 4 30 3,7 40 30 15,5 
410 4 2,8 10 120 26,2 
10 30 4,3 BaCl, 5 30 30,0 
40 120 5,2 10 4 40,5 
1000 30 9,3 10 30 34,0 
40 120 42,0 
KCl 10 4 5,0 AlCl, 40 30 43,0 
10 30 13,0 Th(NOs)a 10 30 45,4 
10 120 16,5 


The effect of temperature on ng/ 7 is variable. With increase of temperature the boundary viscosity in 
the peripheral part of the boundary layer falls more rapidly than the volume viscosity, andy g@/ decreases ac- 
cordingly; for example, for 0.005 N CaCl, solution with a gap 0.34 thick between the disks this ratio is 2.1 at 
20° and 1.0 at 80°. When the gap between the disks approaches 2hyjn, ng/ 7 is either independent of the tem- 
perature or increases with rise of temperature; for example, it is almost doubled with increase of temperature 
from 20 to 90° for 0,01 N LiCl solution with a gap of 2hyjn + 0.04. The boundary viscosity, measured after 
the disks have been in prolonged contact, also increases with rise of temperature. 


Figure 9 shows that the coefficient of boundary thickening of the investigated solutions is a function of the 
same factors as the boundary viscosity. An interesting fact is that y is very sensitive to electrolytes (Curves 5 
and 6, Fig. 9). The effect of temperature on the coefficient of boundary thickening becomes more pronounced 


with increase of the solution concentration. 


yo" 


Cie BOs 60. 80 6 
Fig. 9. Effect of temperature on the coefficient 
of boundary thickening of electrolyte solutions 
in the gap between rede surfaces; ty = 30 min- 
utes, 9, = 1 kg cm’, 0, = 0,08 kg cm’; 1) 100 
meq NaCl per liter; 2) ib meq CaCl, per liters 
3) 10 meq LiCl per liters 4) 10 meq NaCl per 
liter; 5) 1 meq NaCl per liter; 6) H,O. 


The results of this investigation confirm the earlier 
hypothesis [13] that kinetic bonding should play a con- 
siderable role in interaction between particles in disperse 
systems if plane or nearly plane gaps are formed between 
the particles and if their contact and area, and consequently 
the hydrodynamic aggregation factor, are large. The 
kinetic bonding between such particles increases with in- 
creases of contact time and contact pressure, concentra- 
tion of electrolyte solutions, and the valence and radius 
of ions with charges of opposite sign to the charges on the 
particles. 


DISCUSSION OF RESULTS 


These results show that the thickness of the diffuse 
layer and of the residual layer depend in the same man- 
ner on the composition of the electrolyte solutions. This 
justifies an experimental verification of the theory of 
interaction of diffuse layers, 


In the case of the investigated strongly-charged 
disk surfaces separated by distances greater than double 
the theoretical thickness of the diffuse layer*, i.e., in 
the case of weak interaction, the quantitative theory of 


* There have been no direct determinations of the thickness of diffuse ionic layers and the values used in the 
literature have been derived theoretically or from electrokinetic determinations (see reviews (16, 17). 
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repulsion of these layers yields an exponential expression of the general form 
1 8. f(g xd 
F=f (e Ae 


8x022c? 


where F; is the repulsion force; d is the distance between the surfaces; %** Ve (here c is the concen- 


tration, z is the valence, e is the unit ionic charge, and ¢ is the dielectric constant). This expression follows 
from the distributionof potential in the double layer, in accordance with the Gouy-Chapman theory, 2 which 
the potential o, ata distance x from a surface with a potential g, (not large) is given by the appiem mate 
equation: gy = ae ** In the Debye—Huckel—Gouy theory 1/x is taken to be the thickness of the diffuse 
layer (the ionic atmosphere). For solutions of univalent ions at concentrations from 0.001 to 0.1 N 1/y is in the 
range of 0.01 to 0.001y. 


The theoretical equations representing weak interaction (repulsion) of plane-parallel surfaces in electrolyte 
solutions, derived by Deryagin [18], Frumkin and Gorodetskaya [7], Deryagin and Landau, and Verwey and Over- 
beek [3], have a common basis. When yo<< RI/F the first two of these equations coincide and may be written 
F.= K << where K is a constant. 

x 


If x is expressed as KzV¥c_ this equation assumes a form convenient for experimental verification, the 
results of which are presented in Fig. 10% At high loads and low solution concentrations there is quite satisfac- 
tory agreement between the theoretical and experimental relationships between F, for z and c respectively, on 
the one hand, and between F; and h on the other. Solutions containing more than 10 meq of salt per liter do not 
conform to this equation. However, purely electrostatic concepts of interaction between diffuse layers, based on 
the Gouy—Chapman theory, cannot account for all the properties of boundary layers of electrolyte solutions. The 
greatest thickness of the residual layer is almost ten times that of the diffuse layer in accordance with the Debye- 
—Huckel—Gouy theory; with increase of temperature the thickness of the residual layer does not increase, as 
might be expected, but decreases; the thickness of residual layers with univalent cations at small loads depends 
significantly on their position in the lyotropic series; the resistance of the residual layer to attenuation is deter- 
mined not only by its thickness but also by the radius of the ions forming this layer; andfinally the disjoining 
pressure of solutions decreases more rapidly with increased radius of univalent cations than with increase of 
ionic charge. 


It is known that the theory of Stern and itsrecent modifications [19-21] make it possible, within certain 
limits, to take into account the influence of ionic size and interaction between the ions of the inner and outer 
layers of the double layer. This theory gives thicker diffuse layers, the external portions of which should con- 
form to the above relationship between F, and yd; it should bring the theoretical and experimental relationships 
closer together. However, no quantitative concepts of interaction between diffuse layers, which could be verified 
experimentally, have yet been derived from Stern's theory. A purely qualitative consideration shows that if the 
ionic radius is taken into account the theoretical thickness of the diffuse layer is not brought up to the experi- 
mental values for the thickness of the residual layer,* *and the influence of temperature on the effects in ques- 
tion is not explained; nor does this account for the effect of concentration on hyjjn and for solutions 
containing more than 10 meq of salt per liter, These and certain other phenomena can be understood only by 
introduction of the concept of hydration of ions in the diffuse layer. 


It is known that very different hydration values are obtained by studies of different solution properties 
(transference numbers, compressibility, salting out, etc.),*** These discrepancies are due not so much to dif- 
ferences in the methods as to the ability of the ions to involve different numbers of water molecules in the given 


*The values of Jc arranged in an arithmetical progression (common difference 0.71 for verification of the equa- 
tion F,"= K (Ve )?-e—* Vc were calculated by interpolation from experimental values of F, for c of 0.5; 1; 2.5; 


53; 10; 50 and 100 meq/ liter, 

**The thickness of the residual layer of 0.01 N NaCl solution is from 120 to 600 times the diameter of Nat in 
solution [22], depending on the contact pressure. 

***One sodium ion in solution binds 66 molecules of water according to Ramy [23], 6-7 molecules according 
to Pasynskii [24], and 1 molecule according to Darmois [25]. Even greater differences are found for the hydra - 
tion of Lit (from 4 to 160). 
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Fig. 10. Test of the applicability of the equation F, = kz*ce~ k2 veh by the smoothing 
method: a) F,. = f(z, c) when h in = const: 1) F, = f(z); h = 0.06 + 0.01 4; 2) F, = f(z)s 
h = 0.04 + 0.01 y3 3) F, =f (h)KCI1; h= 0.104 0.01 ys0.5 and 8) values of c in meq / 
liter; the linear region corresponds to solution concentration from 0.5 to 8 meq/ liter; b) 
Fy = f(h) when x = const: 1) 5) meq CaCl, per liter; 2) 2.5 meq KCl per liter; 3) 1 meq 
NaCl per liter. 


effects [26, 27]. The concept of ion hydration becomes more definite if primary or near and secondary or remote 
hydration* are considered separately; the former comprises water molecules which have lost their translational 
degree of freedom and move together with the ions, and the second, water molecules polarized in the field of 
force of the ions. 


According to Bockris [26], the primary ion hydration number does not exceed 10 (with the possible excep- 
tion of Mg’, which, according to certain data, may have a hydration number as high as 13). On the basis of 
Bernal and Fowler*s model [28] of the water molecule and its nearest environment, Kapustinskii [22, 29] and 
Samoilov [27, 30] developed a theory of the structure of electrolyte solutions in accordance with which an ion 
occupies a central position in a tetrahedron formed by four water molecules. If it is assumed that this structure 
persists in the diffuse layer,** then this model can be used for calculating, in the first approximation, the ef- 
fective diameter of a kinetic unit consisting of an ion and its close hydration molecules. Calculations based on 
published values for radii of hydrated ions [22] and water molecules [28, 31] show that the experimental values 
of the thickness of the residual layers formed by the corresponding ions are 50 to 600 times as high as the cal- 
culated values. 


It is quite probable that the diffuse layer extends to a distance of some tens of ionic diameters, and there - 
fore structural concepts in which near hydration is taken into account show, in full agreement with the results 
of verification of the Deryagin—Frumkin equation, that residual layers of electrolyte solutions in narrow gaps 
between solid surfaces owe their existence to interaction between diffuse layers of primarily-hydrated ions. 


However, this effect cannot provide an explanation for the static resistance to attenuation of a layer of 
solution several hundreds of ionic diameters thick, because thermal motion must destroy or greatly weaken the 
diffuse layer at such a large distance from the surface. The irreversibility of the “thick” residual layers on 


* There are differences between the concepts of primary and secondary hydration as introduced by Bockris [26] 
and of near and remote hydration as introduced by Samoilov [27] in relation to the problem of structure of elec- 
trolyte solutions, but they are not of great importance in relation to the questions considered here. 

* «Grahame [20] showed that in the case of a double layer on a mercury surface only the ions of the inner layer 
are adsorbed and partially dehydrated, whereas ions of the diffuse layer apparently remain fully hydrated, The 
heats of ion adsorption also indicate that ions of the diffuse layer are hydrated. 
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removal of load, and the fact that their properties do not conform to the theoretical equation in question (Fig. 
10), also show that this explanation is inapplicable. 


Some peculiarities in the properties of these layers give an indication of the causes of their formation. 
First, the dependence of the thickness of the residual layer (and also of the boundary layer) on the position of 
the ions in the lyotropic series is most pronounced at small contacts pressures (Fig. 2). It is known that the 
lyotropic series of ions is based on the heats of solution and heats of hydration of ions, which in their turn depend 
mainly on remote hydration [32]. It is therefore quite natural to attribute the static resistance to approach be- 
tween surfaces at large distances mainly to remote hydration of ions in the diffuse layer. This is consistent with 
the strong influence of temperature on “thick” and the relatively slight influence on “thin” residual layers (Fig. 
4), as the temperature coefficient of remote hydration is considerably greater than the corresponding coefficient 
of near hydration. 


The energy of remote hydration is not large (about 90% of the energy of an ion is expended in binding the 
nearest water molecules [33]), and it is not enough to cause the reversibility, detected by our method, of the 
peripheral part of the residual layer on removal of load. It is detected as a static mechanical resistance only 
as the result of summation of energies of weak interaction in the plane diffuse layer. It is therefore possible 
that the thickness of the residual and boundary layers, associated with remote hydration, depends on the scale 
factor and the shape of the surface. 


Evidently a certain role in these effects must be played not only by water molecules far from the ions 
outside the diffuse layer, but also by such molecules within it. The dependence of resistance to attenuation and 
of disjoining pressure on the ionic radius (Table 2 and Fig. 5 and 6) may be associated with this. There is no 
doubt that increased interaction between water molecules and ions in strongly compressed diffuse layers causes 
increase of the thickness of the residual layers of concentrated solutions (Fig. 3) and accounts for the deviations 
in the behavior of these layers from the Deryagin—Frumkin equation (Fig. 10). 


Three a priori explanations may be offered for the increased kinetic resistance to disk separation: 1) de- 
crease of the effective gap owing to partial filling by a quasisolid residual layer; 2) the electroviscous effect; 
3) increased viscosity owing to polarization of water molecules in the field of stationary ions or ions of low 
mobility. Despitethe fact that the rate of disk separation depends very much onthe width of the gap between 
the disks, it was shown in the first communication of the present series ([14], Fig. 2) that geometrical factors, 
even with a correction for the residual layer, cannot account fully for the observed deviations from the Stefan 
—Reynolds equation. According to modern theoretical [34, 35] and experimental [36] studies, the magnitude 
and role of the electroviscous effect have been greatly overestimated. Retarded flow of solutions in and out of 
"wide" gaps (of thickness near to double the thickness of the boundary layer) cannot be ascribed to the electro- 
viscous effect, as according to the theory of this effect its magnitude is proportional to the square of the zeta 
potential, whereas ng /n increases with increase of the solution concentration and with decrease of ionic radius 
(see earlier). This is demonstrated particularly clearly by determinations of the rate of disk separation at a 
constant initial gap between the disks ([14] Fig. 7). In such gaps the solution viscosity increases, at least partial- 
ly, because of further hydration. This hypothesis is supported both by the dependence of »,/n_ on the position 
of the ions in the lyotropic series, and by the high temperature coefficient of boundary viscosity for the inves - 
tigated solutions. At the same time, boundary viscosity determined after prolonged contact of the disks under 
high contact pressure depends little on the nature of the ions or the temperature [37]. Therefore it may be 
supposed that in narrow gaps, close to the thickness of the diffuse layer in width, the main cause of boundary 
viscosity is the resistance to shear of the ions in the diffuse layer, which is the cause of the electroviscous effect, 
Finally, the effective viscosity of solutions in narrow gaps may be higher than the volume viscosity because of 
the higher concentration of ions, 


It is noteworthy that the boundary layers of electrolyte solutions offer much greater resistance to normal 
loads than to tangential shearing forces. As was shown by one of us, mechanical anisotropy of a boundary liquid 
layer is a characteristic sign of its lubricating power, and the ratio of normal and tangential resistances to stress 
may serve as a measure of this effect [38]. In the most general form, this effect is explained by differences in 


the scattering of energy in the motion of water molecules or ions along and across the field of force of the sur- 
face and its associated ions of the double layer or adsorbed molecules. 
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In conclusion it must be pointed out that in discussion of the experimental data we disregarded the surface 
microrelief of the disks. Although the disks were so thoroughly polished and ground against each other that their 
roughness does not influence the qualitative aspects of the observed effects [12-14], this factor may have a cer- 
tain quantitative influence which increases with decrease of the gap width. 


SUMMARY 


1. Model experiments on the kinetics of adhesion and separation of plane-parallel quartz disks in electro- 
lyte solutions yielded data on the influence of solution concentration, cation valence and radius, and temperature 
on the interaction of plane particles in disperse systems. This method was used for studying the influence of con- 
tact pressure and duration of contact on the width of the gap between the particles and on kinetic bonding be- 
tween them. ; 


2. Boundary layers of electrolyte solutions in plane gaps between quartz surfaces have static (equilibrium 
and nonequilibrium) resistance to attenuation and higher viscosity than in the solution volume. The boundary 
layers of electrolyte solutions oppose cohesion of the particles on the one hand, and increase kinetic bonding be- 
tween them on the other, 


3. Formation and properties of the peripheral part of the boundary layer of an electrolyte solution are as- 
sociated mainly with remote hydration of ions in the diffuse layer. Because of the small energy of hydration the 
resistance to attenuation of this part of the boundary layer is low; its thickness depends significantly on the ionic 
radius and temperature. 


4. The resistance to mutual approach of quartz surfaces separated by thin boundary layers of electrolyte 
solutions is caused mainly by electrostatic repulsion of diffuse layers of adsorbed ions with bound near molecules 
of water. Water molecules remote from the ions, within the diffuse layer, also apparently have a certain influence. 
The repulsion force is a negative exponential function of the ion valence and the square root of the solution con- 
centration. 


5. Kinetic bonding between plane quartz particles increases with the time of contact, contact pressure, 
solution concentration, cation valence and radius, and rise of temperature; i.e., with the effects of factors which 
diminish the gap between the particles. Boundary viscosity increases also increases the time of separation of the 
particles. 
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DIELECTRIC CONSTANTS OF PETROLEUM EMULSIONS 


S. F. Khmunin 


The S. Ordzhonikidze Aviation Institute, Moscow Department of Physics 


Investigations of the relationship between the dielectric constants (DC) of petroleum emulsions and their 
volume contents f of moisture with different salt concentrations are important in relation to practical applica- 
tions of the dielectric method for determinations of moisture in petroleum products (fuels and oils). 


Because of the large difference between the dielectric constants of dispersed water (¢ = 81) and petroleum 
products which form the dispersion medium in such emulsions (¢ = 2.25-2.4), a slight increase of the moisture 
content in an emulsion changes its DC appreciably. This makes the method sufficiently sensitive. 


Available data on the DC of water containing petroleum products (heavy oils and natural petroleums) and 
emulsions of water in oil [1-3] containing up to 10% of moisture by volume indicate that differences in the values 
of DC of the original dehydrated petroleum products, in their viscosities, or in their sulfur contents should not give 
rise to any particular difficulties in application of the dielectric method of moisture determination to them. How- 
ever, there is no agreed opinion on the influence of the concentration of salts or other electrolytes present in pet- 
roleum products and oils on their DC. The effects of the frequencies used in investigations by the dielectric 
method on the results of the determinations have not been finally determined. Nevertheless, this is an especially 
important problem in relation to the design of suitable equipment for wide applications of the method. 


In the investigations cited the measurements of DC of emulsions were confined to relatively low moisture 
contents (f < 10%). Therefore the nature of the relationship between DC and f was itself not fully elucidated. 
The purpose of the present investigation was to fill this gap by establishing the relationship between DC of emul- 
sions and their moisture contents f up to relatively high values of the latter. 


These investigations are also important for experimental tests of the theories of disperse systems which 
predict the dependence of DC on the volume contents of the components. Emulsions provide examples of dis- 
perse systems with randomly distributed spherical inclusions. Because of this it is not necessary to introduce cor- 
rections for particle shape or aggregate structure into the theory. 


Dielectric constants of slow-settling highly viscous petroleum emulsions. The dispersion medium in the 
investigated emulsions was a highly viscous petroleum fuel, mazut (sp. gr. 0.952). The disperse phase was water 
or 2N aqueous NaCl solution. The emulsions were prepared with the aid of a high-speed glass propeller stirrer 
(2000-2200 r.p.m.) which gave fairly homogeneous but nevertheless polydisperse emulsions. The water droplets 
in the emulsions were about 1-4 in diameter. With the evaporation of moisture during stirring taken into ac- 
count, the volume composition could be determined with the necessary accuracy (relative error 0.2-0.3%). The 
volume content of water varied from f = 0 to f = 36%, 


The determinations were performed by the Drude—Coolidge method at wave lengths ) = 1.66 m (y = 180 
megacycles/second), 2 = 0.99 m, and ) = 0,28 m, and by the method of beats with a dielectric-constant meter 
at = 300 m(y = 1 megacycle/second). In determinations by the Drude—Coolidge method there was virtually 
no increase in the DC of the emulsions in time at any of the wave lengths used. Thus, the variations of DC with 
time reported previously by us [4] for emulsions with lubricating oil as the dispersion medium were not observed 
in this case. This may be attributed not only to the relatively high density of mazut but also to the fact that 
more stable emulsions could be obtained from mazut containing petroleum tars, which are good natural 
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Fig. 1. Dielectric constants ¢ of emulsions as a function of the volume content of moisture 
f; a) mazut+ water (1) and mazut + 2N aqueous NaCl (2); b) oil + water (1) and oil + 2N 
aqueous NaCl (2). 


emulsifiers [5]. In determinations by the method of beats the required DC of an emulsion was found by extra- 
polation of the observed variations with time [4] to the initial time instant, when there was a uniformly random 
distribution of the droplets of the disperse phase in the emulsion. 


The results of determinations of DC (¢) of emulsions with mazut as the dispersion medium at all the 
above-mentioned wave lengths are plotted in Fig. 1,a. 


Figure 1, a, shows that the experimental points fit fairly well on smooth curves which show a nonlinear 
variation of « with f at f > 10%. When f < 10% this relationship may be regarded as linear; deviations from 
linearity lie completely within the limits of experimental error. 


The average deviations of the individual determinations, calculated for the corresponding points on the 
curves, are 0.8% both for water—mazut emulsions and for emulsions with NaCl solution. 


The fact that all the values of DC found in our determinations fit on the same curves shows that the results 
are independent of frequency over a wide range of wave lengths, from 0.28 to 300 m. 


This makes it much easier to select a method and to design apparatus for dielectric determination of 
moisture in petroleum products and emulsions. 


At moisture contents above 10% the values of ¢ for emulsions with salt solution are higher than for emul- 
sions with distilled water at the same contents of the disperse phase. This difference increases for emulsions of 
higher values of f. At f = 35% the value of ¢ for an emulsion with salt solution is almost 12% higher than value 
of ¢ for an emulsion with pure water. 


Dielectric constants of settling oil emulsions. Because of the stability of emulsions with mazut as the 
dispersion medium the values of ¢ determined at high frequencies remained almost unchanged with time. How- 
ever, this stability was due to a considerable extent to the present of petroleum tars in the mazut. The presence 
of these emulsifiers, which lower the surface tension at the interfaces, introduces new factors which are not taken 
into account in any of the theories presented below relating to the DC of disperse systems. To exclude these fac- 
tors, determinations of DC were performed with emulsions in which the dispersion medium was lubricating oil 
(MK) of a high degree of purity. Since in this case the DC varied with time even in high-frequency determina - 
tions by the Drude—Coolidge method, because of settling of the emulsions, as was shown in our earlier paper [4], 
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the true DC of an emulsion for the initial uniformly 
random distribution of the disperse phase was determined 
by extrapolation of the DC—time curve to the initial 
time instant, corresponding to the moment when stirring 
of the emulsion was stopped. To overcome the difficult- 
{es which arise in preparation of emulsions without emul- 
sifiers in the dispersion medium the stirrer speed was in- 
creased (to 2600 revolutions/ minute). Emulsions con- 
taining up to 30% of the disperse phase were prepared. 
The determinations were performed at wave length 

dX = 0.99 m, and by the method of beats at wave length 
dX = 300 m. 


Fig. 2. Variations of DC of emulsions of oil 
+ aqueous NaCl with the salt concentration 
in the disperse phase: 1) by the Bruggeman 
equation, 2) by the Fradkina equation. 


The results obtained in determinations of DC (¢) of oil emulsions are plotted in Fig. 1, b. 


Up to f = 8% the variation of ¢ with f is nearly linear; as for the mazut emulsions, the values of DC for 
emulsions with 2 N salt solutions are higher than for emulsions with water at f > 8%. The difference increases 
continuously with increasing content of the disperse phase; it is appreciably greater than the corresponding dif- 
ference for mazut emulsions. To explain this fact DC determinations were performed with similar of] emulsions 
with iron naphthenate which acted as an emulsifier added to the dispersion medium. The addition of the emul- 
sifier produced virtually no change in the DC of the oil itself but resulted in an appreciable decrease of the DC 


Comparison of the Author's Results of DC Determinations of Oil Emulsions with the Results 
of Other Workers 


Dielectric constants of emul- 
DCof_ |sions for different contents of 
dispersion!disperse phase, vol, % 
medium | 2,5 | 3:0 | 5,0 | 40 


Determinations 


performed by Type of emulsion 


Dumanskii and Kuridenkg 0.5 N NaOH 
solution in 


transformer oil Paps: 2,40 | — | 2,56 | 3,00 
Vargaftik, Golubtsov, and 15% NaCl solution in 
Stepanenko transformer oil 2,25 — | 2,46 | 2,625) 2,97 
Present author 2 N NaCl solution in 
transformer oil 2,30 mit) | 2, 08. 4nd 00 409 Oe 
Vargaftik, Golubtsov and Distilled water in 
Stepanenko Set oil 2,25 — | 2,45 | 2,615) 2,98 
Distilled water in 
gat pa lubricating oil 230° 2") oe | 2, 8B° 3702 


of the emulsions in comparison with emulsions with such a relatively pure medium as lubricating oil. It seems 
likely that this is the reason why in the case of mazut emulsions the difference between DC of emulsions with 

2N aqueous NaCl solution and of emulsions with pure water at the same content of the disperse phase is less, 
Thus, at f = 250% the difference between the values of DC for the two types of emulsions was 12% (relative to 

the DC of an emulsion with pure water) for oil emulsions, 8.6% for similar emulsions with iron naphthenate added 
to the oil, and~ 6.5% for mazut emulsions. 


To determine the influence of salt concentration in the disperse phase,DC determinations were performed 
on emulsions with NaCl solutions at the same value of f (~20%) but at different electrolyte concentrations. The 
results are plotted in Fig. 2. 


The experimental results show that nearly all the increase in the DC of emulsions with increasing electro- 
lyte concentration occurs overa small region at low values of the latter (from 0 to 0.5 N). Further increase of 
concentration no longer has any significant influence on the DC increase. 
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Fig. 3. Effect of moisture content on the DC of emulsions: mazut + water (a), and mazut 
+ 2N aqueous NaCl solution (b): 1) experimental data; by the equations of 2) Lichtenecker; 
3) Odelevskii; 4) Bruggeman; 5) Fradkina; 6) Piekara; 7) Wiener; 8) Wagner. 


For comparison, curves for € as a function of the salt concentration in solution, plotted in accordance with 
the Bruggeman and Fradkina equations, are also shown in Fig. 2; the values of DC for the solution were taken 
from Fradkina’s data [6]. 


Our values for DC of highly viscous petroleum and oil emulsions are in fairly good quantitative agreement 
with results reported earlier [2], and are also close to the results obtained in determinations of DC of emulsions 
of salt solutions in transformer oil [3] (see table), 


Correlation of the experimental data with theoretical equations. It is of interest to correlate the experi- 
mental data for variations of ¢« for emulsions with S with theoretical formulas derived by a number of workers 
[6-12]. 


In calculations by these formulas the following values of DC were used: for pure water e = 81, and for 2N 
aqueous NaCl solution € = 386, which is the value found by Fradkina [6]. 


The theoretical ¢ —f curves for emulsions with mazut as the dispersion medium are given in Fig. 3, and 
for emulsions with oil in Fig. 4. 


Wiener’s equation [7] for disperse systems with spherical inclusions, analogous to the Lorentz—Lorenz 
formula, is: 


E—E, aipel 


6+ 2e,  ’ ¢, + 2e,’ (1) 


where €, €y €2 respectively,are the DC of the disperse system, the disperse phase, and the dispersion medium, 
and f is the content of the dispersed component by volume. The equation was derived for relatively low values 
of Te It can be applied quite justifiably for any values of f if the disperse system has a regular cubic structure 
with inclusions of approximately the same size. 
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Fig. 4. Effect of moisture content on the DC of emulsions: oil + water (a) and oil 
+ 2N aqueous NaCl solution: 1) experimental data; by the equations of 2) 
Lichtenecker; 3) Odelevskii; 4) Bruggeman; 5) Fradkina; 6) Piekara; 7) Wiener; 
8) Wagner. | 


At low contents of the disperse phase (f < 5-6%) Wiener’s equation is simplified and passes into Wagner’s 
equation [8]: 


So. 


=e (14+ 3/2), 


(1a) 


which gives a linear relationship between ¢ and f. 


Odelevskii [13] attempted to extend the applicability limits of Wiener*s equation to disperse systems of 
the emulsion or suspension types ("matrix systems”) with any values of f. However, his reasoning, in many respects 
analogous to the reasoning of Wachholz and Franzeson [14], is not particularly strict; moreover, by introducing the 
conditions that the film surrounding the inclusion is of approximately uniform thickness the author made the results 


less general, 


Piekara*s equation [9]: 


S— Eo Pn fa 372 
paar tials OTs (2) 


where —- = ., is also an attempt to extend the Lorentz—Lorenz formula to systems with high values of f; 
€ot 2 = 
however, the correction introduced by Piekara is small. 


* 


Bruggeman’s equation [6]: 


3 
aes E2 


eS peat ae (3) 


E— 9 € 


for his “porphyritic™ disperse system (i.e., systems of the emulsion and suspension types) with spherical particles 
may be regarded as strictly justified on the basis of a number of a priori postulates which he regards as not 
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provable but “highly probable*. It must be pointed out that Guillen’s data [15] on the DC of emulsions of 
mercury in oils give very good agreement with this equation up to f= 40%, 


Fradkina's formula: 


(L—= fy + 2fAe_ 


he ES OT ae (4) 


where A = x = ee , like the Bruggeman equation in the region of f < 20%, gives values of « which are 
€) ceo 


the closest to ours. 


The equations derived by Lichtenecker [9] 


Ige = f, lege; + felg ee (5) 
and Odelevskii [12]: 
. . Bfr—1)e1+ (Bfr—1)e (Bhi — 1) e+ (8f2—1) ee)? | exe 
ee 1 1 : 2 2 fe ye ie ate an (6) 


where f, and f, are the volume concentrations of the disperse phase and dispersion medium for his "statistical 
mixtures” assume that the components of the mixture are of the same sign; Odelevskii’s equation is identical 
with the Bruggeman equation for “pure” mixtures [11]. 


Figure 3 shows that the experimental curves for both types of emulsions with mazut at f > 10% lie be- 
tween the curves plotted from the equations of Wiener and Piekara on the one side, and of Bruggeman and 
Fradkina on the other. 


The experimental curves for oil emulsions (Fig. 4) are closest to the curves plotted from the Bruggeman 
and Fradkina equations. Particularly good agreement is found for oil emulsions with 2N NaCl solution as the 
disperse phase (the deviation of the experimental from the theoretical curves does not exceed 1.2% in this case). 
For water—oil emulsions the experimental curve gives somewhat lower values than the Bruggeman equation, but 
the curve is of the same character as the theoretical one. 


It is quite understandable that the experimental curves lie between the curves based on the Wiener equa - 
tion, applicable to any contents of the disperse phase provided that the particles are at least approximately of 
equal size and of regular cubic distribution, and the curves given by Bruggeman and Odelevskii for “statistical® 
mixtures. The emulsions studied are better included with the former of these categories, but the Wiener equa- 
tion cannot be regarded as completely applicable to them, because they are not monodisperse and moreover the 
dispersion medium in them does not (and cannot) form films of equal thickness around each included spherical 
particle; according to Odelevskii, this is another condition for applicability of the Wiener equation to such systems. 


SUMMARY 


1. The values of the dielectric constant (DC) of highly viscous petroleum and oil emulsions containing 
pure water or salt solution as the disperse phase are independent of the frequency used in the determinations, 
over a wide range of wave lengths from 0.28 to 300 m. 


2. With over 10% of moisture in the emulsions the DC becomes appreciably dependent on the salt concen- 
tration in the dispersed water. This dependence becomes more pronounced with increase of the volume content 
of waterf. The values of DC change sharply in the salt concentration range from 0 to 0.5 N; further increase 
of concentration has very little effect on DC. 


3. Addition of an emulsifier to the dispersion medium (oil or mazut) apparently lowers the DC of the 
emulsions; this is manifested only at fairly high moisture contents (above 10%). 
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4. Of the theoretical equations for DC of emulsions as a function of f the formulas of Fradkina and Brugge - 
man give best agreement with the experimental results (up to f = 30%). 


This investigation was performed under the guidance of E. M. Fradkina, to whom I offer my sincere thanks. 


I am also very grateful to Prof. B. A. Dogadkin and Prof. N. B. Vargaftik for extremely valuable discussions. 
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AN AIR-DRIVEN ULTRACENTRIFUGE AND AEROSOL GENERATOR 
AND ITS USES IN SCIENCE AND PRACTICE 


B. Cizinsky and J. Kolousek 


Institute of Biophysics, Faculty of Hygiene and Medicine, Karlov University, Prague 


High-speed ultracentrifuges are finding increasing uses in research work; they are used most extensively in 
physical chemistry, macromolecular chemistry, and biochemistry [1]; in particular, for investigations of protein 
macromolecules, biochemical fluids, tissues, and metabolites. The ultracentrifuge is widely used in biochemistry 
and in histological chemistry. 


However, the ultracentrifuge is used relatively seldom in routine laboratory or clinical practice, because 
of the complexity and high cost of modern high-speed ultracentrifuges. These instruments give centrifugal forces 
up to 300,000 g and and unsuitable for routine laboratory work. For studies of tissue proteins and for ultracentrifuge 
histochemical investigations the biochemist needs a simple, cheap, manageable instrument which gives a strong 
gravitational field. 


An instrument of this type was designed as long ago as 1925-1927 by Henriot and Huguenard [2] on the prin- 
ciple of the air turbine; the initial design underwent many modifications, and only Beams [3] succeeded in im- 
proving it considerably and obtaining a high speed. In addition to Beams, others worked on designs of this type 
[4]. Girard and Chukri [4] attempted to eliminate vibration of the stator by mounting it on a rubber air-blast 
tube. They emphasize that the ratio of rotor and stator weights must be 1 : 1 for steady operation. They reached 
centrifugal forces of up to 1,000,000 g at the periphery of a rotor 13 mm in diameter in their instrument. How- 
ever, its applicability to experimental work is very limited. 


Further attempts to improve equipment of this type were made by Garman [5]; he studied the shape and 
angle of the nozzles, and separation of the grooves on the rotor, in order to eliminate air turbulence. Bauer and 
Pickels [4] used an ultracentrifuge based on the same principle, with a rotor 20 cm in diameter, which could con- 
tain 8 test tubes,7 ml in volume. Under these conditions accelerations of 20,000 g in the center of the tubes were 
reached. Despite all these efforts, ultracentrifuge rotors remained rather unstable and tended to fly out of the 
stator cone. Recently May [6] partially eliminated this fault, and his instrument has a number of advantages. 
However, the instrument must be placed in a strictly horizontal position and the rotor readily loses stability; this 
prevents extensive utilization of this apparatus. 


Design and Uses of the Ultracentifuge 


On the basis of the above-mentioned investigations Cizinsky designed an ultracentrifuge driven by com- 
pressed air, intended for extensive use in laboratory practice. 


Chizhinskii's air-driven high-speed ultracentrifuge is free from most of the defects of its predecessors [7]. 
It subsequently underwent further improvements until it received its present form. 


The apparatus (Fig. 1 and 2) consists of a body in the form of a hollow cone with air nozzles. The body 
also acts as the stator; it contains a conical rotor with grooves into which air is driven from the nozzles. The 
support, in contrast to other types of centrifuges, is very simple. The instrument, fixed on rubber supports, stands 
on a metallic board with two screws by means of which the base of the instrument is brought into an almost hori - 
zontal position. However, this position is not obligatory for normal operation, as the instrument can work even 
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Fig. 1. General view of Cizinsky's ultracentrifuge. 


when turned through 180°. The air is fed into the apparatus through rubber vacuum tubing fixed by screws emerg - 
ing from the centrifuge body. One of the main causes of rotor vibration—eddying and impacts of air on the direct- 
ing surfaces—is eliminated by a simple device. By comparison with the older types of centrifuge the rotor operates 
quite uniformly at all speeds. Steady starting and stopping of the rotor are much better than in the older types. 


The rotor is made of stainless steel, and has a drilled cavity 3 ml in volume, closed by a screw stopper. 
The cavity is in the shape of a squat cylinder 11.5 mm in radius. The rotor speed depends on the pressure of the 
incoming air. At 10 atmos pressure a speed of 200,000 r.p.m. was reached in one of the early models of this 
centrifuge. 


The rotor speed was determined by a photoelectric method based on measurement of the vibration frequency 
of light reflected from the centrifuge rotor, half of which is black and half bright. The frequency corresponds to 
_ the rotor speed. The rotor was illuminated by nonflickering light from an electric lamp fed by direct current. 
The vibrating light entered a photoelectric cell the current from which, after amplification, passed to the vertical 
part of the kinescope of an oscillograph. Current from a regulated vibration source at a known frequency passed to 
the horizontal part of the kinescope. Combination of the vibration frequencies in both parts of the kinescope gave 
a simple closed curve (circle or ellipse). The frequency of the regulated vibration source at which this curve ap- 
peared was equal to the centrifuge speed. 


This method was used to obtain the curve in Fig. 3, which represents the speed as a function of air pressure. 
It is not necessary to measure the speed by the above method when the centrifuge is used for ordinary laboratory 
purposes. It is sufficient to determine the pressure of the air entering the ultracentrifuge and to find the speed 
from the graph. 


- The small air-driven ultracentrifuges described previously were used for investigations of various biological 
material, Exhaustive information on such work up to 1951 has been given by Beams [8]. Ruben and his associates 
[9] measured the radioactivity of sedimenting substances labeled with radioactive isotopes; Waisman et al [10] 
used the instrument in serological studies of luetic serums; Dalcq [11] studied oocytes; finally, Bessis [12] 
used the instrument for studying the influence of ultracentrifugation on leukocytes. 


Konopik [13] used Cizinsky's first centrifuge for a serological investigation of luetic serums and found 
that after ultracentrifugation of some serologically positive serums their reaction became much less positive with 
a deviation of the component. Nejtek [14] studied the behavior of agglutinins and plasma proteins in a strong 
gravitational field. Kolousek and Kutacek [15] studied the effect of a strong gravitational field on horse serum 
proteins; they found that the refractive index increases after ultracentifugation in all.serums from healthy horses, 
the residual nitrogen content in the serum increases, and the percentage nitrogen of the total proteins decreases. 
One of the present authors, jointly with Turek [16], applied ultracentrifugation to the Brdicka filtrate polarographic 
reaction and showed that the process has a strong influence on this reaction of serums from human cancer patients. 
The sensitivity of the Brdicka reaction for cancer was increased considerably in this way. 
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Fig, 2, Stator and withdrawn rotor of Cizinsky's 
ultracentrifuge. 


Cizinsky has developed a new method for determination of microorganisms in fluids, based on the ultra- 
centrifuge. A sterile strip of filter paper is placed in a sterile cylindrical cell of the centrifuge in such a manner 
as to form a ring around the inside of the cell. A known volume of the fluid flows into the middle of the rotating 
cell. Under the influence of the strong centrifugal field the microorganisms are separated from the fluid and are 
embedded in the paper strip. The liquid free from microorganisms flows out of the cell into an annular receiver. 
After the ultracentrifugation the paper strip is placed in a Petri dish and cultures are grown by the usual micro- 
biological methods. This method is of importance for investigation of microorganisms present in water. 


McDonald, Beams, and King [17] used an ultracentrifuge of this type for investigating cellular elements. 
No changes were observed in cells of chick embryo tissues after exposure to a centrifugal field of the order of 
150,000-400,000 g for 30 minutes. Eggs of Ascaris suumi were not killed in a field of 400,000 g, and the authors 
consider that protoplasm is capable of withstanding the greatest centrifugal forces. They suggest that endurance — 
of the protoplasm is assisted by electrostatic forces which prevent splitting of its structure. These findings are con- 
trary to the results of Smetana [18], who used a prototype of the Cizinsky instrument for investigating changes 
in the nuclei of neutrophil leukocytes after ultracentrifugation at 425,000 g. It was found that changes in the 
cytoplasm are accompanied by changes in the structure of the nuclei and a decrease of the Ginek number, which 
may be attributed to breakdown of leukocytes (in small numbers) and combination of nulcear segments, 


Several workers have used centrifuges for investigation of other biological materials [19-24]. 


Cizinsky’s ultracentrifuge proved suitable for investigation of amino acids and peptides of animal tissues. 
With the use of this instrument prolonged extraction of such substances from tissues was avoided [25]. Kolousek 
developed a method whereby it is possible to investigate (for example, by paper chromatography or electrophoresis) 
extracts containing amino acids and peptides 15 minutes after a sample of living tissue has been taken, By accelera- 
ting extraction with the aid of ultracentrifuge Kolousek and Jirack [26] were able to determine free. ammonia 
and glutamine in animal tissues without decomposition by trichloroacetic acid. 


This ultracentrifuge was used successfully by Konopik [27] for the so-called ultracentrifugational histochem- 
istry; by means of a strong centrifugal field he succeeded in weakening glycide and lipoid bonds in the skin of 
psoriatic patients. He demonstrated by means of histochemistry that ultracentrifugation of the skin of psoriatic 
patients releases large amounts of lipids and glycides. Ultracentrifugation of serum from psoriatic patients with a 
considerable rash splits off lipids. This test may be used for diagnostic purposes, especially for determination of 
the stage of the disease. 


This type of ultracentrifuge is of great importance in ultracentrifuge techniques, as it permits regulation of 
the temperature of the tissue in the rotor by means of the compressed air, The apparatus can easily be contained 


in a refrigerator. 
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Another advantage of the instrument is the short 
time required for starting and stopping the rotor; it does 
not exceed a few minutes. A strong centrifugal field is 
therefore attained rapidly and easily. 


n/sec 
8:10" 


It follows from the foregoing that this small ultra - 

centrifuge may have extensive applications. A new type 

3 of ultracentrifuge operating on the same principle is now 
a being tested. The potentialities of the instrument are 
extended by the use of several interchangeable rotors. 

For example, a rotor 26 mm in diameter can give a 
centrifugal field of the order of 800,000 g. Another rotor, 
“0 of large diameter, can be used for determinations of sedi- 

bo hs Ie eee aes mentation constants and for preparative work. 


Fig. 3. Variation of centrifuge rotor speed 
with the air pressure. The Ultracentrifuge as an Aerosol Generator 


This ultracentrifuge may be used as an aerosol gen- 
erator of the rotary nozzle type. Aerosol generators based 
on this principle have already been in use for several years 
for air humidification. May [6] used them for studies of 
aerosols, 


The ultracentrifuge described above was modified 
considerably for use as an aerosol generator (Fig. 4). The 
upper side of the rotor was converted into a polished sur- 
face with liquid flowing at a definite rate onto its center; 
when the liquid comes into contact with the rotating sur- 
face it is converted into an aerosol. The size of the aero- 
sol particles can be regulated by variations of the rotor 
speed. This apparatus was used to prepare an aerosol with 
a very narrow range of droplet size; the smallest droplets 
were ~ 0.2 4 in diameter. 


Tests showed that this aerosol generator can be 
recommended for air disinfection*, spraying of suspen- 
sions of microorganisms (for drying), and preparation of 
aerosols of medicinal substances. This last field of ap- 
plication proved very effective in treatment of certain 
diseases of the respiratory tract, as demonstrated by 
recent experiments carried out by Cizinsky et al, 


Fig. 4. Chizhinskii*s aerosol generator. 

Of the available methods for preparation of aerosols 
the rotary nozzle method is considered to be the best [28], This method is used most often in chemical industry 
and is suitable for production of homogeneous aerosols, However, this principle has not until recently been ap- 
plied to medical inhalation, as no completely suitable apparatus was available. 


The micelles of aerosols for medical purposes must be able to penetrate into the bronchioles and alveoli. 
According to Findeisen [29] the optimum micelle size is 0.6 4. Such particles have Brownian motion and are able 
to penetrate into the alveoli, which is very important, as there is very little air motion in these spaces. Herbst 
and Philipp [80Hemonstrated in inhalation of aerosols that the electric charge on micelles hinders their penetra- 
tion into the lungs; this shows that aerosols,the micelles of which carry static electric charges,are unsuitable. 


«It was shown that 40 ml of 2% ayatin solution disinfects a room 60 m° in volume, strongly contaminated with 
microorganisms, within 45 minutes. 
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Some authors [31] consider that the effectiveness of aerosols (for example, of antibiotics) in inhalation is 
indicated by their presence in the blood of the patient after the treatment. However, Dauterband [32] asserts that 
the presence of antibiotics in the blood is a consequence of absorption of large drops in the respiratory tract. 


On the basis of experience in development work on aerosol generators and of the characteristics required in 
aerosols for inhalation, Cizinsky designed an apparatus which produces homogeneous aerosols of satisfactory 
quality. The main part of the apparatus is a disk 26 mm in diameter, rotating at 75,000 r.p.m. The medical 
solution flows onto the disk at a rate of 2 ml per minute. The particles sprayed by the disk are drawn into a dis- 
tributing channel situated at the disk periphery. Large drops settle while the homogeneous small droplets are 
carried along by the air stream. The particle size is being measured at the present time. However, this opera- 
tion is difficult because of the rapid evaporation of the finely-divided liquid. The bacteriological test is more 
informative. 1,000,000 units of penicillin was sprayed in a room 55 m? in volume; after this the sensitive Oxford 
staphylococcus failed to grow on media in different parts of the room for 3 minutes during operation of the appa- 
ratus, and for 10 minutes when 2 hours had elapsed after the apparatus had been stopped. Yellow coloration of a 
previously colorless gas flame indicated uniform distribution of sodium ions in this room 14 hours after the gen- 
erator had sprayed 20 ml of physiological saline in it, 


The Cizinsky inhalator with a rotary nozzle was used in a number of investigations. It was used for 
inhalation treatment of patients with bronchial asthma [33]. Sea water in aerosol form is inhaled by the patient 
for a definite time in a closed room. The administration of certain drugs in the form of aerosols also proved 
useful. In comparison with intravenous injection of the same drugs, the results obtained were astounding. The 
inhalation dose used for 10 patients was equal to a single injection dose. 


This generator is also used for inhalation of antibiotics (penicillin, streptomycin, bacitracin, etc.) with 
good results in preparative and postoperative treatment in lung surgery [34]. The generator was also used with 
good results in clinical practice. 


The apparatus was used for inhalation treatment of costly laboratory animals, including monkeys, suffering 
from respiratory diseases [35]. 


Experience in inhalation treatment shows that the rotary nozzle inhalator may be recommended for exten- 
sive use in clinical practice. It must be taken into account, however, that a dose of a drug which is harmless 
when administered intravenously may be dangerous in aerosol form. 


This generator may be used with success not only in clinical practice but also prophylactically for prevention 
of occupational diseases of the respiratory organs exposed to harmful vapors and dust. Our apparatus was used with 
good results for inhalation treatment of workers in a sulfuric-acid plant. Alkaline mineral waters ("Vintsentka® 
from Lubacovice in Moravia) were sprayed in this case. Inhalation of suitable aerosols makes the lungs capable 
of clearing themselves continuously, and it may therefore be recommended for workers in dusty atmospheres. 


SUMMARY 


1. A portable ultracentrifuge and an aerosol generator, driven by compressed air, are described. Their 
fields of application are listed, described, and discussed. 


2. The ultracentrifuge can be used in biochemical investigations; the aerosol generator (with a rotary nozzle) 
has been used in therapy and prophylactics of lung diseases. 
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ELECTROPHORESIS OF DYES 
IN THE GELATIN LAYER OF A PHOTOGRAPHIC FILM 


A. Sheludko, G. Konstantinov, and K. Tsvetanov 


Institute of Physical Chemistry, Sofia State University 


The main disadvantage of zone electrophoresis on paper is that the spots of the investigated substances 
spread over the paper and acquire indistinct and irregular outlines. Moreover, exact photometric evaluation of 
the electrophoresis diagrams is hindered by inhomogeneity of the paper. All this lowers the resolving power of 
this very convenient method. To avoid these disadvantages attempts have recently been made to replace paper 
in zone electrophoresis by a more homogeneous and transparent medium. For example, Bussard and Perrin [1] 
recommend the use of agar films on glass. The electrophoregrams obtained on such films are more distinct and 
more suitable for photometry than those on paper, but preparation of these films is a somewhat laborious opera- 
tion and the films are not of very consistent quality. Grabar and Williams [2] attempted to replace agar by gela- 
tin in a similar method of film preparation. They used this medium for electrophoresis of serums, with the aid 
of immunochemical reactions for developing. However, they did not reach any definite conclusions concerning 
the possibility of using gelatin as a medium for zone electrophoresis. 


The purpose of the present investigation was to study the properties of a gelatin layer of photographic film 
as a medium for zone electrophoresis. The photosensitive material is removed from the gelatin layer of the 
photographic film by the action of fixing agents and thorough washing with water. The films so obtained are very 
consistent in properties, homogeneous, and transparent. The flexible celluloid base makes such films convenient 
to use in any apparatus for paper electrophoresis, while the perforations along the edges can be used for fixing and 
stretching the films on suitable glass frames with pins. 


The chief disadvantage of gelatin as a medium for zone electrophoresis is that it is colored by the same 
dyes as other proteins. Therefore the usual development methods cannot be used with electrophoregrams of protein 
materials, and specific indicators are required (for example, immunochemical reactions, tagging of proteins with 
radioactive isotopes, etc.). Because of these difficulties it was decided to study electrophoresis in the gelatin layer 
of a photographic film with the aid of water-soluble dyes which do not require development. A direct consequence 
of this investigation is the possible application of the method to dye analysis. 


Film preparation and application of dye solution, The film is freed from photosensitive material, dried, 
and cut into pieces of suitable length. Because of the high resolving power of the method a relatively short strip, 
with a working length of less than 10 cm, can be used for electrophoresis. A transverse line is scratched with a 
needle on the celluloid side of the film, and the dye is then applied opposite it. The film is immersed for half 
an hour in a buffer solution at thepH used for electrophoresis. The film, with the gelatin layer swollen in the 
buffer, is taken out of the solution and free solution is removed. This operation is very important, because the 
film must be dry enough for application of the dye without spreading, but at the same time its moisture content 
must always be the same. This is checked from the current strength when a voltage is applied to the film. We 
were able to achieve good results by the following procedure: the film is placed celluloid side down on filter 
paper and pressed down by damp chamois. Under these conditions the resistance of the partially dried film was 
usually reproducible to within 2-3%. The dye, dissolved in the same buffer is applied in the form of a line 0.3- 
0.5 mm wide, the film is stretched on a frame, and placed in a humid (closed) electrophoresis chamber. Under 
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Current strength, ma 
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Fig. 1. Variations of current strength with Fig. 2. Spreading of a band of Bromophenol 
time, with a concentrated (1) and dilute Blue by diffusion: 1) in 1 hour; 2) in 2 hours; 
(2) buffer solution. 3) in 4 hours; 4) in 24 hours, 


such conditions the swollen gelatin layer retains constant resistance for several hours if a current is not passed 
through it. However, current causes "drying® of the gelatin layer, and the film resistance gradually increases. 

This is very disadvantageous, as the rate of migration of a dye in electrophoresis decreases with increase of the 
film resistance. With a veronal buffer at pH 8.6 containing 17.5 g of veronal sodium and 2.75 g of veronal per 
liter this “drying” was very considerable (Curve 1, Fig. 1, potential 190 v). It is decreased considerably when 

the buffer was used at fourfold dilution (Curve 2, Fig. 1). This method for decreasing the heating of the film by 
the current is more convenient than reduction of the electrophoretic potential, because high rates of electrophoresis 
are retained. It is probable that further work (for example, on decrease of the chamber temperature) may make it 
possible to make the current still more constant. 


Spreading and diffusion of dye in the gelatin film. The maximum time of electrophoresis depends on 
spreading and diffusion of the applied substance in the given medium. Our observations with 1% Bromophenol 
Blue at pH 8.6 showed that spreading and diffusion in the gelatin layer are very slow. The observations were made 
in a closed vessel, containing saturated water vapor, at ~ 18°. Fig. 2 shows the distribution curves for this dye, ob- 
tained by means of a microspectrophotometer with a filter suitable for Bromophenol Blue. These curves show that 
electrophoresis may be successfully continued for several hours, with diffusional spreading of a few millimeters 
in the bands of the individual fractions. 


Distribution of dye during electrophoresis. Our observations showed that the dye distribution in the direction 
of electrophoresis differs considerably from symmetrical distribution by diffusion. On the side of the “starting” line 
the dye band has a relatively well-defined concentration maximum (peak), while on the opposite side, further from 
the start, the spreading is considerably greater than spreading caused by diffusion. This type of distribution was 
observed for all the electrophoretically active dyes studied. The asymmetry of distribution decreases with decrease 
of dye concentration, the concentration maximum shifts toward the center of the band, and the width of the spread 
portion decreases, approaching to the width caused by diffusion. Fig. 3 shows extinction curves for bands of Bromo- 
phenol Blue of different concentrations, for one hour of electrophoresis. The coordinate origin corresponds to the 
“starting” line. 


As the distribution curves for different dyes are similar, it is improbable that this effect can be attributed 
to distribution of the dyes according to their electrophoretic activity. The observed distribution of a dye during 
electrophoresis is explained most simply by inhomogeneity of the electrical field due to the presence of the dye. 
Since the dye is electrophoretically active, the film resistance is lower in regions where it is applied than in free 
regions, and the higher its concentration the greater the decrease of resistance. As the rate of electrophoresis is 
proportional to the field strength, and the latter is proportional to the resistance, a dye spread by diffusion moves 
more rapidly from the starting side than the dye in the region of maximum concentration; it catches up the con- 
centrated part of the band and enters it, forming a concentration peak on that side. The diffused dye on the op- 
posite side, on the other hand, “runs away” from the peak, extending the diffuse region of the band. If vg re- 
presents the velocity of electrophoretic migration of the peak and vo the velocity of the diffuse end of the band, 
where the dye concentration approaches zero, then 


% (dE | dl), (1) 


V+ (db /dl),’ 
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where (dE/dl), and (dE/d1),, are the electric field strengths at zero and maximum concentrations c in the peak. 
On the other hand, dE/dl ~ 1/x where x« is the conductivity of the layer. Hence 


Vp Xo “FX, ‘ aad ¥o 2 
Eh A he pee ee ee fe) FI satan ceed 
Y% iXo Y% %" (2) 


where kg is the conductivity of the dye at concentration c, and ko is the conductivity of the buffer, both in the 


gelatin layer. The rates of migration of the peak v, and of the diffuse end V, are approximately proportional to 
the corresponding displacements 1, and 1p, so that 


l—l 
0 Cc a O.5. (3) 


Finally, xc may be taken as proportional to the dye concentration c in the peak or also to the extinction of the 
peak ¢. Hence the above hypothesis concerning the causes of the unsymmetrical distribution of the dye in elec- 
trophoresis leads to the relationship (see Fig. 4) 


ponte (4) 


Experimental results are in good agreement with (4), which confirms out hypothesis *. 


The unsymmetrical distribution of a dye in electrophoresis may be used as an additional method for its 
identification, Onthe basis of Equation (3) it is possible to determine kc/ ko for each component of a mixture of 
several dyes, and since k , is the same for all components, it is possible ultimately to find the ratios . (d_ = Ko/c) 
for different components. For this, or course, electrophoresis must be continued to complete separation of all the 
components and the mutual influence of the components on their migration must be taken into account. 


Another conclusion to be drawn from the foregoing 
is that if the resolving power of the method has to be in- 
creased (by decrease of band width) it is necessary to have 
the smallest possible values ofk/kg either by decrease of 
dye concentration or by increase of the ionic strength of 
the buffer. The first alternative is inconvenient, because 
dilution of the dye reduces the density of the bands. 
t Small impurities then become indistinguishable. Under 
Displacenient, 211 our experimental conditions the second alternative is also 
impracticable, as increase of the ionic strength of the buffer 
leads to increase of current strength and “drying” of the 
film. If the electrophoresis apparatus is improved, with 
the use of cooling and removal of Joule heat from the film, 


“drying” can probably be reduced, ionic strength of the buffer increased, and the resolving power thereby raised. 


Extinction 


Fig. 3. Spreading of Bromophenol Blue 
at different concentrations in the same 
time of electrophoresis. 


The foregoing considerations and approximate calculations were based on the assumption that displacement 
of a dye from the starting line completely corresponds to its electrophoretic migration. However, it is known that 
in microelectrophoresis and paper electrophoresis the observed displacement of the migrating substance is the sum 


* After this paper had gone to press D. N. Platikanov in our laboratory demonstrated by direct measurements the 
inhomogeneity of the electric field in the region of the film where the dye is present. By measuring the potential 
between two platinum microelectrodes immersed in the gelatin layer to a distance of several tenths of a milli- 
meter along the film he found a drop of potential during the time when the dye passed along the electrodes. The 
variations of potential with time corresponded to the unsymmetrical distribution of the dye in the band. 
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of its displacement in the solvent and displacement of the 
latter relative to the capillary system (paper) in which elec - 
trophoresis takes place. 


In the present instance of electrophoresis of a dye in 
a gelatin layer on a nonconducting support, electrophoretic 
displacement of the gelatin layer relative to the support 
and displacement of the dye solution in the buffer relative 
to the gelatin layer are possible. 


Extinction 


We were able to show that the gelatin layer is not 
displaced relative to the support. The marker for migration 
of the gelatin layer was Congo Red, which is bound stably 
and irreversibly with gelatin and is not absorbed by the 
support. A band of this dye applied to a gelatin layer 
swollen in the buffer solution does not spread by diffusion in the gelatin and does not become unsymmetrically 
distributed after electrophoresis; it retains completely the form in which it was applied. Measurements showed 
that a band of Congo Red does not move from the starting line in electrophoresis; this shows that the gelatin is 
firmly held by the support. It is possible that this immobility of the gelatin layer on the support is the result of 
the special methods used in the production of photosensitive materials for attaching the gelatin layer on the film. 


Fig. 4. Relation of (Ip-1, M1, 
to extinction peaks given in 
Fig. 3. 


Further investigations showed that the buffer solution migrates relative to the gelatin. Thus, after a dextrin 
solution, which is generally used as a marker of solution migration, had Been applied, the solution migrated at 
2-3 mm per hour from the starting line (the investigation was carried out with the above-named buffer solution 
and at the same field strength; dextrin was developed by means of iodine vapor after electrophoresis). Never- 
theless, we are inclined to think that this movement of the solution does not influence displacement of the dye. 
The reason is that dyes in general are adsorbed by gelatin and proteins and therefore it is most likely that in 
electrophoresis they migrate along the gelatin and not in the buffer solution. These conjectures cannot, of course, 
be regarded as proof of this mechanism, but only this hypothesis avoids the contradictions which otherwise arise in 
verification of the relationship (4). If this view is confirmed by further investigations, it would also be advisable 
to revise the usual method for taking into account the influence of electroosmosis on migration in paper electro- 
phoresis, especially if the substance is readily adsorbed on the support (paper). 


It was also observed in paper electrophoresis that the solution migrates from the ends of the paper strip 
dipped in the solution toward its middle, owing to evaporation of the solution heated by the current [3]. Such 
migration does not occur in electrophoresis in a gelatin layer; this can easily be demonstrated if the same dye is 
applied at the center of the film and near the ends immersed in the solution. If the solution migrated as the 
result of evaporation and the dye was carried by the migrating solution, the dye applied at the ends should migrate 
to the center even if an alternating current instead of a direct current is passed through the film. Determinations 
showed that no such transference of dye takes place, probably because of the very low mobility of the solution in 
the gelatin layer. This greatly simplifies electrophoresis in a gelatin layer by comparison with paper electropho- 
resis because, first, it is not necessary to take into account the position of the dye relative to the middle of the 
film in evaluation of mobilities from the electrophoretic displacement and second, exact equalization of the 
liquid levels in the electrode compartments is not necessary. 


Electrophoresis of certain dyes. Zone electrophoresis in the gelatin layer of a photographic film was tested 
with several water soluble dyes of a relatively high degree of purity (indicators). The buffer solution used in all 
cases contained 3.50 g of veronal sodium and 0.55 g of veronal per liter, of pH 8.6. The electrophoresis was con- 
ducted at 250 v, at a field strength of 12,2 v/cm in the dye free film. The strength of the current flowing through 
the film was ~0.275 ma, and fell by 5 to 15% during one hour of electrophoresis. The dyes were previously neutral- 
ized and dissolved at 1% concentration in the same buffer solution. The electrophoresis was conducted at room tem- 
perature. 


These experiments showed that Congo Red, Water Blue and Crystal Violet are bound so firmly by gelatin that 
they do not diffuse in it, do not migrate, and do not spread in electrophoresis. The last of these dyes is apparently 
also bound firmly by paper in paper electrophoresis [4]. Dyes of this type cannot be investigated by the described 
method, but may be used as additions to mixtures under investigation for marking the starting line. 
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Fig. 5. Electrophoregrams of dyes in the gelatin layer of a photographic film: 1) Bromo- 
phenol Red, 60 minutes; 2) Phenol Red, 95 minutes; 3) Cresol Red 60 minutes; 4) Bromo- 
phenol Blue, 60 minutes; 5) Bromocresol Green, 95 minutes; 6) eosin 120 minutes; 7a) 
Bromocresol Purple, 60 minutes; 7b) same, on paper; 8a) a mixture of 0.25% Bromophenol 
Blue, 0.38% Bromocresol Purple, 0.25% Phenol Red, 0.12% Congo Red (60 minutes);8b) 
same, without Congo Red, in paper. (For technical reasons the original color plate has 
been reproduced in black and white, therefore, some detail has been lost.) 


Bromophenol Red (Chemapol), Phenol Red (Merck) and Cresol Red (Merck) were found to be free of im- 
purities. Each gave a single band (Fig. 5, photographs 1, 2, 3 ). There is some doubt about the purity of Phenol 
Red as it gave an unusually wide band. The mobilities of these three dyes at pH 8.6 were found to be 3.65 10=%, 


3.957 10-5 and 2.85-:10°-5 cm/v*« second respectively. 
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Mobility in Mobility on Mobility in Mobility on 


: 5 
Eys gelatin, x 10° paper, x 10° aS gelatin, x 105 paper, x 10 
Bromocresol 
Blue 1.60 13.5 Cresol Red 12.2 
Bromophenol Blue 1.35 12.8 Bromophenol Red 13.8 
Phenol Red 3.95 13.8 Bromocresol Purple 13.4 


The other dyes investigated showed the presence of impurities. Thus, Bromophenol Blue (Ciba) (Photo- 
graph 4) revealed the presence of two additional components, giving a very pale violet and a pink band, which 
were scarcely distinguishable in paper electrophoresis. This is possibly the reason why other workers [5] failed 
to detect this impurity although, of course, it must be remembered that they used a product made by a different 
firm. The mobility of bromophenol blue was found to be 1.35° 1075, and of the impurities approximately 
1.7°1075 and 2.2:1075 cm/v- second. 


Bromocresol Green (Merck) (Photograph 5) with a mobility of 1.60- 1075 contained a clearly distinguish - 
able component with a mobility of ~ 2.2: 1075 Bromocresol Purple (Merck) (Photograph 7a) revealed very 
clearly the presence of two additional components, which had also been.detected in paper electrophoresis in a 
product of a different firm [5] (Photograph 7b). The mobility of the main component was 2.30° 1075, the mobil- 
ity of one impurity was 0.5: 1075 while the second was not displaced in electrophoresis. Finally, eosin (Ciba) 
(Photograph 6) revealed the presence of two components in visible light: one very weak with very low mobility, 
and the other in the form of a bright and very wide band. The width of this band suggested that it is formed by 
several components. In fact, it was found under ultraviolet illumination that this wide and brightly fluorescent 
band consists of at least four separate bands. 


The table gives the mobilities of the principal components of the investigated dyes in a gelatin layer, and 
also their mobilities determined in paper electrophoresis at the same pH [5]. It is seen that the mobilities in the 
gelatin layer are less by a factor of 10 than in paper electrophoresis. Moreover, there is no correlation between 
the mobilities in these two media. The lower mobility in gelatin cannot be attributed to the higher viscosity. 
of the gelatin layer in comparison with the free buffer solution, as the viscosity of the gelatin layer is many 
orders of magnitude greater than that of water. This fact, and the absence of any correlation between mobil- 
ities in gelatin and on paper (Photographs 8a and 8b) indicate that the mechanism of electrophoresis in gelatin 
is not the same as in free solution. This is consistent with our hypothesis that electrophoretic displacement of 
a dye is independent of displacement of the buffer solution. 


Thus, electrophoretic mobilities in gelatin are relative in character and cannot be directly correlated with 
electrophoretic mobilities in free solution. 


Finally, it must be pointed out that despite the fact that the mobility in gelatin is lower by a factor of 
10 than on paper, the sharpness of the bands is such that the resolving power in electrophoresis on gelatin is 
higher than in paper electrophoresis. 


SUMMARY 


1. The gelatin layer of a photographic film, freed of photosensitive material, is a suitable medium for 
zone electrophoresis of dyes. 


2. Diffusion of dyes under electrophoresis conditions does not cause extensive spreading. 


3. The specific asymmetrical spreading of dyes in electrophoresis is due to inhomogeneity of the electric 
field in the regions where the dyes are present. 


4, Migration of gelatin and buffer solution during electrophoresis, and migration of the solution under the 
influence of evaporation, do not have any significant influence in electrophoresis in a gelatin layer. 
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5. Several dyes have been subjected to zone electrophoresis in a gelatin layer. It was found that there 
is no correlation between electrophoretic mobility in gelatin and on paper, and that the former is lower by a 
factor of ten than the latter, 
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A STUDY OF BOND CHARACTERISTICS 
IN THE SYSTEM RUBBER — CARBON BLACK 


V. G. Epshtein and Z. V. Chernykh 


The Yaroslav’ Technological Institute 


Reinforcement of rubbers, i.e., increase of their strength under single and repeated deformations, which 
results from introduction of fillers (especially carbon blacks) is one of the fundamental problems of modern rub- 
ber technology. Reinforcement is due mainly to adsorption of the flexible polymer molecules on the loading 
agent. Carbon black particles form branch points of a molecular network-and cause redistribution and equaliza- 
tion of stresses in deformation [1]. Kobeko [2] considers that the effect of reinforcement by carbon blacks is 
similar to crystallization of rubbers and points out that the reinforcing effect of carbon black also involves a 
change in the strength—temperature relationship. 


Certain investigators [3, 4] devoted much attention to the formation of the so-called carbon-black 
structures, or continuous chains composed of carbon particles. The formation of a carbon-black structure should 
lead to a more uniform stress distribution, orientation of the rubber molecules along the filler chains, and de- 
creased spreading of sites of damage [5]. 


Rubber—carbon black interaction has been studied by means of determination of elastic modulus of vul- 
canizates under repeated extension [6-9]. 


It is considered that the decrease in the modulus caused by deformation is due mainly to breakdown of 
weak secondary bonds formed by forces of adsorption [10]. Some authors consider that the decrease of the modu- 
lus is due to breakdown of carbon-black structures under repeated deformation [11, 12]. 


Test method. The best vulcanizates (vulcanized at 143°) of noncrystallizing SKB (50a.v.) and SKS-30A 
(thermally milled, plasticity 0.50) rubber were chosen for the tests. The mixes were prepared in accordance with 
the standard formulations, containing channel, furnace, and lamp blacks in the proportions of 20, 40, 60, 80, and 
100 parts by weight per 100 parts by weight of rubber. The test specimen were in the form of strips 10 mm wide 
and 24 0.1 mm thick. The length of the working part of the specimen was 40 mm, and was determined by the 
distance between the jaws of thermostatically-controlled tensile testing machines types TsMG and T (Schopper). 
The specimens were stretched at 100 mm/ minute to 200% elongation. This was followed by contraction at the 
same rate. The deformation cycles were repeated four times. The load—extension curves were obtained by 
means of a recording instrument. 


The value of the deformation in the tests was calculated relative to the initial length of the working region 
(residual deformation was disregarded). 


The change of modulus in repeated deformation was determined at + 20, + 40, + 70 and + 100°, 


Effect of repeated deformation on the modulus of vulcanizates. Table 1 gives the decrease of M 100% * 


after fourfold extension for SKB and SKS-30A vulcanizates with different contents of carbon blacks. 


The absolute and relative decrease of the modulus becomes greater with increased carbon content, but 
not in direct proportion; the decrease is much more rapid than the increase of carbon-black content. 


*Modulus at 100% elongation. 
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The greatest decrease of modulus on repeated de- 
formation is found for SKB and SKS-30A vulcanizates 
with lamp black; the decrease is somewhat less with 
channel black, and last with furnace black. 


SKS-30A vulcanizates show greater decreases of 


pak ote modulus than SKB yulcanizates with all carbon black 
a aegis contents. The effect of the number of deformation cycles 

OWE. Pas on modulus of SKS-30A vulcanizates is shown in Fig. 1. 

4- wt, parts The greatest decrease in the modulus takes place during 


the first stretching cycle, as has already been reported in 
a number of papers [6-8]. At low contents of carbon 
black there is no appreciable change of modulus after 
repeated deformations. In the case of vulcanizates with 
high carbon contents each successive extension leads to a 
considerable decrease of modulus. In such cases equilib- 
rium values of the modulus are not reached after four 
stretching cycles. 


x- Wt, parts 


The form of the stress—elongation curves for vul- 
canizates with carbon black after repeated extensions 
differs from that ‘of curves after the first extension (Fig. 
2, a and 2, b). Whereas in the first stretching the vul- 
canizate conforms approximately to Hooke's law, the 
curves for repeated stretching are S-shaped, similar to 
the curves for crystallizing rubbers. 


Stretching cylces 

Fig. 1. Variation of modulus at 100% elonga- 
tion with the number of stretching wycles for 
SKS-30A vulcanizates with lamp black at 

20° (continuous curves) and at 100° (dash lines). 


Effect of the test temperature. Fig. 3 shows varia- 
tions of modulus in the first and second stretching in re- 
lation to the test temperature for SKS-30A vulcanizates 
with lamp black and SKB with channel black. 


At low carbon contents increase of temperature 


results in only a very small decrease of modulus in the first stretching. The effect of increased temperature is 
more pronounced at higher contents of carbon black. 


TABLE 1 


Changes (AM) of Modulus at 100% Elongation Caused by Four Stretching Cycles for Differ- 
ent Types and Contents of Carbon Black at 20° 


Carbon content, Channel black Furnace black Lamp black 
100 Mieparis mr* ™, Se ima ccliaee pee My Sale 
aisier kg/cn kg/cm? of Kkgfem? ikea? | ea kgemikg/ent a 
SKB 
20 8,21 Doky 27,4 6,75| 1,66] 24,6 We 34) 2a 03 29,0 
40 12,34 4.39 35,6 9,04] 2,83 31.3 11,98 4. ,86 40,7 
60 19,82 9,59 48,3 LSS Sooo 42,2 21.4 14 33 Dont 
80 BOG 47 18, 74 61,9 13,87] 6,79 48,8 44,4 30, 9 69,9 
400 41,03 Se 78 67,6 21,03 | 44,92 55, 5 51,0 -- — 
SKB-30A 
20 OS Oey Mae eR Aut Co porin Site bot se er 
40 24,0 | 10.6 44,2. |17,67| 4,37] 24,7 (33,5 116.2 | 48.2 
60 27,8 | 12/2 43, 9°91 2By Re Pe) ogg! Ren lap! geil pa bey he mere 
80 35,0} 16,8 | 48,0 |33)3 [46.2 | 48°7 I71\0 | 48'5| 68°3 
100 51,8] 29,1 | 56,4 [31,8 [4450 | 444 |g8'67| 61'9 | 6977 


* M, is the modulus in the first stretching. 
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0 50 700 150 206 


0 5C 100 150 20g 
Elongation, % 

Fig. 2. Stress—elongation curves for vulcanizates of 
SKS -30A (a) and SKB (b) with different carbon blacks 
(60 wt. parts per 100 wt. parts rubber) at 20°: Con- 
tinuous curves—first stretching; dash lines—second 
stretching; 1) channel black, 2) lamp black, 3) furnace 
black. 


On repeated stretching of vulcanizates,containing 20 parts of carbon black by weight, increase of tem- 
perature leads to some increase of the madulus, At high carbon contents the modulus decreases with increase 
of temperature, but not so much as in the first stretching. 


Table 2 gives the decreases of modulus at 100% elongation, caused by increase of temperature from 20 to 
100°. In SKB vulcanizates with low contents of lamp black increase of temperature results in some increase of 
modulus; vulcanizates of SKB and SKS-30A with channel black have greater decreases of modulus than vulcan- 
izates with. other types of carbon black; vulcanizates with furnace black show the least decreases of modulus with 


increase of temperature. 


Figure 1 shows changes of modulus at 100% elongation in relation to the number of stretching cycles at 
20 and 100°. At high temperatures repeated deformations produce smaller changes in the modulus than at 20°. 
This also follows from a comparison of Tables 1 and 3, 
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TABLE 2 


Changes (AM) of Modulus of Vulcanizates of SKB and SKS-30A Rubbers at 100% Elonga - 
tion, Determined at the First Stretching, Caused by Increase of Temperature from 20 to 


100° 

FOS [ah geo ne ILH a nee cKS- 

es SKB i SKS-30A 

#53 channel furnace _| lamp channel furnace _ lamp 

on “a 2 Ss a %o oe °. “5 o. % o: 

ag? E aS TEs | cat | seta [oe Ol Scar cane ae 

288. Shee la SE = te Bias = er =e Cee 5 

Ges la Pia |e ee a a Nea ate ee ie a 
20.4) 20182, | 3, 09:-054 1,4 |—0,26/—3055) 1,73/412,28|—0,26| 2,06 0,98 6,2 
40 1,68:14878) 1 0,44 1s 553 |= OK 221 = 1 S39 Os 3d 16 0,47) 2,66] 7,28 21,7 
GO | 4)89|24;6 | 0,23} 4.75] 4,3 | 6,15] 9,48/34,4 | 0,55] 2,32] 8,98] 24,4 
80 |41,34137,7 | 0,57 | 4,44.) — | —. [42,43/35,6 | 7,91/23,8 | 23,04] 32,5 
T00.149.56145.2. | 4.43 (4192 tee IC ee Beeb ee ae aa Bare 


*Mpoe is the modulus at 20°. 


TABLE 3 


Changes (AM) of Modulus at 100% Elongation Caused by Four Stretching Cycles for Dif- 
ferent Types and Contents of Carbon Black in SKS-30A Vulcanizates at 100° 


Channel Furnace Lamp 
M;*, | 4M, M,, |AM, AM 


My, * 
kgént gen? Mm’ g/ent|kg/cnt iy eajentliafent vn 


Carbon content, 
wt. parts 100 
wt. parts rubber 


20 12,37} 2,05|/~ 46,5 |42,86/4,93| 15,0 |44,82| 3,06 | 20,6 
40 14-07) 28°35 | ARIAT ORG Len) Don. | 06 eels 0 6e ahs eS 
60 18,32} 5,62| 30,7 |23,15| 7,25 | 31,4 133,52] 45.7 47,1 
80 22,57| 8,52] 37,7 |25,39| 9,141 36,0 |47,96| 26.9 56,2 
100 33,56[16,84| 50,3 |26,67| 9,87 | 36,9 [58.5 | 34,4 58,3 


*M, is the modulus in the first stretching. 


The carbon content has the same influence at 100° as at 20°, and the main decrease of the modulus takes 
place in the first stretching. ‘Thus, increase of the test temperature produces changes in the modulus of vulcan- 
izates which depend both on the type of rubber and on the type and contents of carbon black; this provides pos- 
sibilities for successful use of this method for studying reinforcement effects. 


The increase in the modulus of a loaded vulcanizate depends mainly on the degree of rubber—carbon inter- 
action. The corresponding change of tensile strength depends on a number of other factors (uniformity of struc - 
ture, manner of growth of the damaged places, etc.) in addition to rubber—carbon interaction. Therefore rubber 
reinforcement is manifested most clearly by changes in the modulus of vulcanizates, and it can be studied more 
precisely by comparison of moduli than of tensile strengths. Accordingly, particular characteristics of the rein- 
forcing action of fillers were estimated from changes in the modulus under repeated deformations and under the 
influence of elevated temperatures. 


Adsorption of segments of the rubber molecules on the carbon-black surface increases the number of bonds 
between the molecules and reduces the mobility of the molecular chains, thereby increasing the modulus of the 
vulcanizate. Deformation or heating decreases the modulus, probably owing to desorption of the rubber molecules. 
It has been reported that after deformation the modulus of a loaded rubber approaches that of the rubber without 
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Fig. 3. Effect of test temperature on modulus 

at 100% elongation for vulcanizates of: SKS-30A 
with lamp black (a) and SKB with channel black 
(b): Carbon contents in weight parts per 100 weight 
parts of rubber; continuous curves - first stretching; 
dash lines - second stretching. 


filler [8]. This indicates breakdown of most of the bonds 
between the carbon and rubber. Therefore the forces of 
interaction between the rubber and the carbon can be 
estimated from the changes of modulus. 


The decrease of modulus does not correspond to 
the specific surface of the carbon blacks. It is known 
that channel black has the greatest specific surface, that 
of furnace black is less, and of lamp black is less still. 
These blacks form a different sequence in order of de- 
creasing modulus on repeated deformation: the great- 
est decrease is found for vulcanizates with lamp black, 
then with channel black, and the least is found with 
furnace black. 


It is generally believed that lamp black yields 
vulcanizates of high modulus. However, this effect be- 
comes less pronounced after repeated deformations 
This must evidently be taken into account in formula - 
tions of stocks for rubber products. 


The decrease of modulus rises nonlinearly with 
increase of the carbon content. This shows that the de- 
crease of modulus depends not only on the specific sur- 
face of the carbon black, which increases linearly with 
its content, but also possibly on the formation of a car- 
bon structure. 


The decrease of modulus observed in repeated 
stretchings is more pronounced at higher carbon contents, 
whereas at low contents the decrease of modulus is slight 
and occurs mainly during the first stretching. 


These results indicate that interaction of molecular 
rubber chains with carbon black is more pronounced when 
the carbon particles join to form a structure. This may 
occur either as the result of considerable interaction be- 
tween the carbon particles (channel black)* [4] or by 
joining of the particles during production of the carbon 
black (which is characteristic for lamp black)* * [13]. 


Formation of a branched carbon-black structure 
probably favors steric trapping of the molecular chains, 
with an increase in the amount of rubber adsorbed. This 
explanation is consistent with data on the amount of 
carbon-rubber gel and increase of the amount of bound 
rubber in the gel on formation of a carbon-black struc- 
ture [14]. 


At low contents of carbon black rubber—carbon 


black interaction on repeated deformation is so weak owing to desorption of most of the rubber that the modulus 
increases with rise of temperature (this is known to occur in the case of equilibrium modulus if intermolecular 


action does not exert an influence). 


U 
*Formation of a secondary carbon-black structure. 
* *Formation of a primary carbon-black structure. 
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TABLE 4 


Changes of Modulus at 100% Elongation (M 100%) Caused by Repeated Deformations and 
Increase of Temperature in Vulcanizates of Different Rubbers (kg/ cm’) (60 weight parts 
of carbon per 100 of rubber) 


SKB SKS-30A NR [15]* 
a beable tec chan-|fur- hamp chan-| fur ~ Pryor without 
type of carbon black nel nace | nel |nace , carbon 
M 100%, first stretching at 20° 19,82 |13,13|21,4 |27,8 |23,7 |42,5 | 34,9 
M 100%, fourth stretching at 20° 10,23] 7,58] 9,77|15,6 |16,0 |19,0 | 28,6 
M 100%, first stretching at 100° 14,93|12,9 |19,8 |18,32|23,15]33,52] 47,6 
Change of M 100% caused by 9,59] 5,55]411,33]12,2 | 7,7 |23,5 oho 


fourfold deformation 
Change of M 100% caused by rise of | 4,89| 0,23] 1,3 | 9,48] 0,55] 8,98] 14,3 


temperature from 20 to 100° 


*For vulcanizates of natural rubber (NR) the change of modulus at 500% elongation (in 
‘the crystallization zone) was determined after twofold extension. 


Increase of the test temperature reduces the modulus, but the decrease is appreciably less than that caused 
by repeated deformations (compare Tables 1 and 2). For example, for SKS-30A vulcanizates containing 20 and 
40 parts of lamp black by weight rise of temperature from 20 to 100° reduces the modulus by 0.98 and 7.28 
kg/ cm’, while repeated deformations reduce it by 4.0 and 16.2 kg/cm? respectively. The decrease of modulus 
with rise of temperature becomes greater at higher contents of carbon black, especially in vulcanizates with lamp 
black. The difference between the decreases of modulus caused by repeated deformations and by rise of tempera- 
ture becomes greater with increase of carbon content. 


All these results indicate that the presence of a carbon-black structure, which does not hinder desorption 
under the influence of mechanical energy in deformation, appreciably hinders desorption of rubber under the 
influence of heat, The presence of joined carbon particles probably hinders sterically the desorption of molec-: 
ules on increase of thermal motion. 


The greater stability of the modulus on heating in vulcanizates with low contents of lamp black as com- 
pared with vulcanizates with the same contents of channel black is probably due to the presence of interconnected 
particles of lamp black and the absence of a channel-black structure in such cases. 


There is an important difference between vulcanizates with carbon black and vulcanizates of crystallizing 
rubbers with regard to the influence of heat and deformation on the modulus. Inthe case of crystallizing vulcan- 
izates of natural rubber, rise of temperature produces a considerable decrease of the modulus, whereas deforma - 
tion has less effect (Table 4). The reverse is true in reinforcement by carbon black. Possibly the high stability 
of rubber—carbon bonds to the action of heat accounts to some extent for the increase of the resistance to heat 
produced by introduction of carbon black. 


SUMMARY 


1, The decrease in the modulus of vulcanizates containing rubber black on repeated extension depends 
on the type of rubber and on the type and content of carbon black. The presence of extensive carbon-black 
structures decreases the modulus considerably. 


2. A method is proposed for estimating rubber—carbon black interaction by the change in the modulus of 
vulcanizates with increase of temperature. This change depends on the type of rubber and is related to the type 
and content of the carbon black. 
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3. The decrease of modulus caused by deformation is greater in vuleanizates with carbon black than the 
decrease caused by rise of temperature; this may be attributed to steric hindrance caused by the carbon chains in 
desorption of the rubber molecules in the course of heating, 


4. Reinforcement by carbon blacks is shown to differ from reinforcement by crystallites in that the rubber 
~carbon bonds are more stable than the crystallites to the action of heat. 
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LETTER TO THE EDITOR 


In 1939 I proposed a method for determination of swelling, based on measurement of the volume V,of 
liquid remaining free after swelling of the specimen in a certain initial volume Vo of the liquid. The difference 
V = Vo —V, gives the amount of liquid absorbed by the swelling specimen. I designed two instruments for appli - 
cation of this method; the first was described in the journal Kauchuk i Rezina, No. 2, 10 (1941). It consists of a 
glass vessel with two widened portions connected by a graduated measuring tube (Fig. 1). The vessel is closed 
by a ground-glass stopper with a hook from which the specimen is suspended. At the start of the experiment a 
volume Vo of liquid is poured into the apparatus up to the upper mark; the apparatus is then inverted or placed 
at a suitable angle so that the specimen in the bulb a is covered with the liquid. After the required time the 
apparatus is placed vertically and the volume V, of liquid is read off (the dimensions of the apparatus and details 
of the method are given in the article cited above). 


The second apparatus was described in my paper in Kolloid. Zhur. 8, 32 (1946). It consists of a U-shaped 
vessel with bulbs at the lower and upper ends (Fig. 2). The specimen is again put in the upper bulb a, which is 
filled with a definite volume Vo of liquid forced by air pressure through the tube with a stopcock g. To deter- 
mine the volume V, the liquid is allowed to descend with the stopcock g open. y 


The method and both pieces of apparatus are widely used in scientific, industrial, and teaching laboratories 
owing to their simplicity and reasonable accuracy. However, for reasons which I do not understand, this method 
and apparatus are attributed to others in certain manuals of colloid chemistry. For example, in the book by I. A. 
Volzhinskii, V. N. L’vov, and V. O. Reikhsfel’d: Manual of Practical Work in Laboratories for Synthetic Rubbers 
[in Russian] (Goskhimizdat, 1955) p. 172 the first apparatus is described as "Fedotov's apparatus”. In the book 
by O. N. Grigorov et al.: Practical Manual of Colloid Chemistry [in Russian] (Leningrad University Press, 1955) 

p. 91, the same apparatus (but with a stopper in the side of one of the bulbs) is described as “designed in the 
colloid chemistry laboratory*. In S. A. Balezin*s book: Practical Manual of Physical and Colloid Chemistry 
[in Russian] (State Science Teaching Press, 1959) p. 218, the method is again attributed to Leningrad University. 


I hope that this letter will restore the true origin of my proposed method and apparatus for swelling deter- 
minations. 


B. A. Dogadkin 
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